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ABSTRACT 
The ob jec t ive  of t h i s  i n v e s t i g a t i o n  is t o  determine the  e f f e c t s  
of argon,  helium, n i t rogen  and oxygen on t h e  absorp t ion  of r a d i a t i o n  
by carbon d ioxide  i n  t h e  15pm (667 cm-l) region.  The i n v e s t i g a t i o n  
is  c a r r i e d  o u t  a t  medium reso lu t ion  (approximately 3 t o  5 c m - l )  and 
a t  gas pressures t h a t  a r e  less than one atmosphere. After a review 
of previous experimental  and t h e o r e t i c a l  work p e r t i n e n t  t o  t h e  
i n v e s t i g a t i o n  the  express ions  de f in ing  t h e  broadening c o e f f i c i e n t  
and t h e  broadening f a c t o r  a r e  given. 
used t o  measure the effects of t he  var ious  broadening gases is 
descr ibed and the  experimental  procedure i s  discussed.  The resul ts  
of the  i n v e s t i g a t i o n  a r e  presented i n  t he  form of a band averaged 
broadening c o e f f i c i e n t  f o r  n i t rogen ,  band averaged broadening 
f a c t o r s  f o r  argon, helium and oxygen,and wavelength dependent 
broadening c o e f f i c i e n t s  f o r  argon, helium, n i t rogen  and oxygen. 
It is found t h a t  t he  band averaged broadening c o e f f i c i e n t  for 
n i t rogen  and the band averaged broadening f a c t o r s  for  argon and 
oxygen a r e  i n  good agreement w i t h  previous experimental  r e s u l t s  
i n  o the r  carbon dioxide absorp t ion  bands. 
The experimental  apparatus  
The band averaged value 
of the  broadening f a c t o r  f o r  helium, however, is found t o  be s i g -  
n i f  i c a n t l y  higher  than va lues  prev ious ly  obtained i n  the 2350cm-1 
band. 
The wavelength dependent broadening c o e f f i c i e n t s  a r e  found 
t o  be more complex i n  s t r u c t u r e  than previous de t e rmin  a t i o n s  have 
x i i  
ind ica ted .  It is noted t h a t  t h e  broadening c o e f f i c i e n t s  f o r  a rgon ,  
n i t rogen  and oxygen a r e  q u a l i t a t i v e l y  s i m i l a r  t o  each o the r  but 
a r e  q u i t e  d i f f e r e n t  from the  broadening c o e f f i c i e n t  f o r  helium. 
It is  shown t h a t  t h e  f i n e  s t r u c t u r e  of t h e  wavelength dependent 
broadening c o e f f i c i e n t  i s  c o r r e l a t e d  wi th  the  presence of s eve ra l  
absorp t ion  bands having s t r o n g  Q branches i n  t h e  15y;m reg ion .  
Comparisons of t h e  mean va lues  of t h e  wavelength dependent broad- 
ening c o e f f i c i e n t s  a r e  used t o  s u b s t a n t i a t e  t h e  prev ious ly  d e t e r -  
mined va lues  of t h e  band averaged broadening f a c t o r s .  
The wavelength dependent broadening c o e f f i c i e n t  f o r  n i t rogen  
i s  compared t o  prev ious ly  ca l cu la t ed  t h e o r e t i c a l  p red ic t ions  of 
t h i s  quan t i ty .  
c e s s f u l l y  p r e d i c t s  t h e  mean value and general  f e a t u r e s  of t he  wave- 
length  dependent broadening c o e f f i c i e n t ,  it f a i l s  t o  p r e d i c t  t he  
sharp peaks i n  the  broadening c o e f f i c i e n t  t h a t  a r e  observed i n  the  
v i c i n i t y  of the  f requencies  of t h e  main Q branches.  
of a q u a l i t a t i v e  argument it is shown t h a t  t h e  peaking of the  broad- 
ening c o e f f i c i e n t  i n  t h e  v i c i n i t y  of Q branches and t h e  unusual 
behavior of the broadening c o e f f i c i e n t  f o r  helium could be explained 
by dev ia t ions  of the  l i n e  shape from the  t h e o r e t i c a l  l i n e  p r o f i l e  
s i m i l a r  t o  those t h a t  have been observed i n  o the r  carbon dioxide 
absorp t ion  bands o r  by a v a r i a t i o n  of t h e  l i n e  ha l f  w i d t h  w i t h  
rqtationtE3, quantum numbero 
It i s  shown t h a t ,  a l though Anderson's theory  suc- 
On t h e  b a s i s  
x i i i  
CHAPTER 1 
INTRODUCTION 
The advent of t h e  sounding rocke t ,  t h e  e a r t h  o r b i t i n g  s a t e l l i t e  
and the i n t e r p l a n e t a r y  s p a c e c r a f t  has placed i n  t h e  hands of meteoro- 
l o g i s t s  and atmospheric s c i e n t i s t s  powerful new t o o l s  f o r  measuring 
t h e  c h a r a c t e r i s t i c s  of p l a n e t a r y  atmospheres. The e f f e c t i v e  u s e  of 
t hese  devices  o f t e n  involves i n f e r r i n g  t h e  d e s i r e d  information from 
remotely sensed d a t a .  A t  t h e  p re sen t  t i m e ,  one very  widely used 
technique involves scanning a p l ane ta ry  atmosphere us ing  rad iometers ,  
spec t rometers  or i n t e r f e romete r s  ope ra t ing  i n  t h e  i n f r a r e d  reg ion  
(1-50pm). This  s p e c t r a l  reg ion  i s  of g r e a t  i n t e r e s t  because t h e  
black body emission of t h e  p l ane ta ry  s u r f a c e  peaks a t  t h e s e  wave- 
l e n g t h s ,  and because some important gases p re sen t  i n  p l ane ta ry  atmo- 
spheres  e . g . ,  water  vapor,  carbon d ioxide  and ozone, have s t r o n g  
abso rp t ion  bands i n  t h i s  s p e c t r a l  reg ion .  Furthermore, t h e  d i s t r i -  
bu t ion  of t h e s e  gases ,  w i t h  t h e i r  s t r o n g  abso rp t ion  bands, i n f luences  
t h e  temperature s t r u c t u r e  of t h e  atmosphere. Before t h e  p r o p e r t i e s  
of t he  p l ane ta ry  atmosphere can be proper ly  i n f e r r e d  from t h e  remotely 
sensed d a t a  o r  t h e  atmospheric s t r u c t u r e  can be proper ly  understood, 
it is necessary  t o  have a complete understanding of t h e  r a d i a t i v e  
t r a n s f e r  problem f o r  t h e  atmosphere. This involves an a c c u r a t e  know- 
ledge of t h e  t ransmiss ion  p r o p e r t i e s  of t h e  i n f r a r e d  o p t i c a l l y  a c t i v e  
gases .  
I n  t h e  p a s t  t h e  t ransmiss ion  p r o p e r t i e s  of t he  atmospheric gases 
have g e n e r a l l y  been obta ined  us ing  
c a l l e d  band models. A band model, 
i d e a l i z e d  mathematical models, 
f o r  example, assumes some d i s t r i -  
1 
2 
bution of absorp t ion  l i n e s  which enables  t h e  t ransmission t o  be 
r e a d i l y  obtained a n a l y t i c a l l y  and is  p r imar i ly  used t o  f a c i l i t a t e  
hand s o l u t i o n  of t h e  r a d i a t i v e  t r a n s f e r  problem. The models have 
become inadequate because of t h e i r  bas i c  l i m i t a t i o n s  and fundamental 
inaccurac ies ,  p a r t i c u l a r l y ,  a s  t h e  problem of t r a n s l a t i n g  measure- 
ments taken a t  s a t e l l i t e  a l t i t u d e s  i n t o  knowledge of the  atmospheric 
s t r u c t u r e  has become b e t t e r  known. The h igh  speed d i g i t a l  computer 
w i th  l a r g e  information s t o r a g e  c a p a b i l i t y  has ,  however, made it pos- 
s i b l e  t o  c a l c u l a t e  t h e  t ransmission p r o p e r t i e s  of a gas d i r e c t l y  from 
knowledge of t h e  p o s i t i o n s ,  shapes,  s t r e n g t h s  and w i d t h s  of t h e  
absorp t ion  l i n e s  comprising an absorp t ion  band. 
of t h e  very accu ra t e  information requi red  f o r  c a l c u l a t i o n s  of t h i s  
type is  n o t  a v a i l a b l e  a t  t h e  present  t i m e .  
o r e t i c a l  
cu le s  such a s  hydrogen ch lo r ide .  General ly ,  t h e  da ta  have been 
obtained f o r  samples of pure gas o r  f o r  samples using n i t rogen  a s  a 
broadening gas,  the da ta  f o r  broadening by o the r  t r anspa ren t  gases  
being very  l imi ted .  S ince  the  gases  t h a t  a r e  a c t i v e  i n  t h e  i n f r a r e d  
region a r e  t r a c e  c o n s t i t u e n t s  i n  the  atmosphere of t he  e a r t h ,  it is 
important t h a t  t he  e f f e c t s  of t h e  o the r  atmospheric gases  on the  
absorp t ion  p r o p e r t i e s  of t h e  o p t i c a l l y  a c t i v e  gas be k n m .  
Unfortunately,  much 
Most of t h e  e x i s t i n g  the-  
and experimental  work has been done f o r  h ighly  po la r  mole- 
This  paper d i scusses  t h e  results of a medium r e s o l u t i o n  s p e c -  
t ro scop ic  inves t iga t ion  of t he  e f f e c t s  of s eve ra l  broadening gases 
on the  abso rp t ion  p r o p e r t i e s  of carbon d ioxide  i n  t h e  15 k m  band. 
The broadening gases  used (argon, helium, n i t rogen  and oxygen) were 
s e l e c t e d  because of t h e i r  poss ib l e  importance i n  the  atmosphere of 
t he  e a r t h  o r  o the r  p l ane t s  (argon, n i t rogen ,  and oxygen) o r  because 
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of some unusual proper ty  ( t h e  low mass of helium). 
The in t roduc t ion  w i l l  be concluded w i t h  a review of t h e  l i t e r a -  
t u r e  concerning previous experimental  work on fo re ign  gas broadening 
f o r  carbon d iox ide .  Chapter 2 is  devoted t o  a summary of t h e  theory  
of l i n e  broadening and t h e  development of a set of semi-empirical  
r e l a t i o n s  t h a t  w i l l  d e f i n e  exper imenta l ly  measurable parameters re- 
l a t e d  t o  t h e  widths  of t h e  absorp t ion  l i n e s .  
t u s  is descr ibed  i n  d e t a i l  i n  Chapter 3. In  Chapter 4 spec t r a  f o r  
n i t rogen  broadened carbon d ioxide  samples a r e  presented.  These a r e  
compared w i t h  spec t r a  obtained by o t h e r  experimenters under s i m i l a r  
test  condi t ions  and w i t h  absorp t ion  s p e c t r a  obtained by the  direct 
computational technique descr ibed  by Drayson and Young (1966) and 
Drayson e t  a l . ,  (1968). Chapters  5 and 6 a r e  devoted t o  a s tudy  of 
t he  band averaged broadening a b i l i t i e s  of t h e  gases .  Chapter 7 d i s -  
cusses  t h e  wavelength dependence of t h e  broadening a b i l i t y  of t h e  
var ious  gases .  
(Anderson, 1949) f o r  n i t rogen  as  t h e  broadening gas obtained by 
Yamamoto e t  a l . ,  (1968) are  presented and poss ib l e  reasons f o r  t h e  
d i f f e rences  between theory  and experiment a r e  d iscussed .  The wave- 
l eng th  dependence of t h e  broadening a b i l i t i e s  f o r  t h e  var ious  gases  
i s  compared and poss ib l e  mechanisms t o  exp la in  t h e  d i f f e rences  a r e  
o f f e red .  The r e p o r t  concludes wi th  Chapter '  8 which summarizes t h e  
p r i n c i p a l  f i nd ings  of t h e  work and sugges ts  poss ib l e  a r e a s  f o r  f u t u r e  
r e sea rch  e f f o r t s .  
The experimental  appara- 
-- 
Comparisions wi th  t h e  p red ic t ions  of Anderson's Theory 
Although abso rp t ion  l i n e  broadening a s  a r e s u l t  of t h e  Doppler 
e f f e c t  had been s tud ied  e a r l i e r ,  t h e  e f f e c t s  .of o t h e r  pe r tu rb ing  mole- 
cules w a s  begun by Michelson (1895). It was h i s  conclusion t h a t  t h e  
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na tu re  of t h e  pe r tu rb ing  gas  would be of secondary importance. The 
work on fo re ign  gas broadening was continued p r imar i ly  i n  Europe u n t i l  
approximately 1940. It was dur ing  t h i s  i n t e r v a l  t h a t  it became pos- 
s i b l e  t o  r e so lve  t h e  s t r u c t u r e  of t h e  bands and t o  examine t h e  t r a n s -  
mission p r o p e r t i e s  of t h e  gas f o r  more or less monochromatic r ad ia -  
t i o n .  A review of t h e  work i n  t h e  f i e l d  performed p r i o r  t o  1944 is  
given by Nie lsen  e t  a l . ,  (1944). Coggeshall  and S a i e r  (1947) repor ted  
t h e  e f f e c t s  of s eve ra l  broadening gases  on t h e  absorp t ion  of r a d i a t i o n  
by methane a t  7.65 b m  and carbon d ioxide  a t  4 .3  p m  and 14.8 p m .  On 
t h e  b a s i s  of t h e i r  experiments a t  a s i n g l e  wavelength i n  each band, 
they  concluded t h a t  t h e  e f f e c t s  of a broadener would vary  f o r  d i f f e r -  
e n t  a c t i v e  gases  and f o r  d i f f e r e n t  absorp t ion  bands of a s i n g l e  a c t i v e  
gas.  Following t h i s  was a paper publ ished by Burch e t  a l . ,  (1962) 
which repor ted  a very  ex tens ive  s tudy  of t h e  band averaged e f f e c t s  of 
several t r anspa ren t  gases  on t h e  absorp t ion  of i n f r a r e d  r a d i a t i o n  by 
a c t i v e  gases i n  a number of absorp t ion  bands; among them was t h e  
4 . 3  p m  band of carbon d ioxide .  
a number of papers was publ ished on t h e  e f f e c t s  of broadening gases 
on the  absorp t ion  spec t r a  of n i t r o u s  oxide (Goody and Wormell, 19511, 
hydrogen c h l o r i d e  (Benedict  e t  a l . ,  1956 a & b ; Eaton and Thompson, 
19591, and carbon monoxide (Benedict e t  a l . ,  1961 ; Crane-Robinson 
and Thompson, 1962). Also  dur ing  t h i s  per iod  the  s tudy  of t he  broad- 
en ing  a b i l i t y  of n i t rogen  on carbon d ioxide  spec t r a  was being i n v e s t i -  
ga ted  (Howard - e t - * 7  a 1  1956j Edwards, 19601, and a book d i scuss ing  
s p e c t r a l  l i n e s  was publ ished (Breene, 1961). By observing the  high 
frequency wing of t h e  4.3 p m  band of carbon d ioxide ,  Winters e t  a l . ,  
(1964) were a b l e  t o  i n f e r  t h e  shape of t h e  f a r  wings of the  c o l l i s i o n  
-- 
-- 
During t h e  per iod  from 1947 t o  1962, 
_I- 
_.- 
_.- 
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broadened abso rp t ion  l i n e s  loca t ed  near  t h e  band c e n t e r .  They found 
t h a t  t h e  l i n e  shape v a r i e d  w i t h  t h e  broadening gas.  This method was 
app l i ed  t o  o t h e r  carbon d ioxide  bands a t  s h o r t e r  wavelengths by Burch 
e t  a l . ,  (1968) w i t h  g e n e r a l l y  s i m i l a r  r e s u l t s .  Anderson e t  a l . ,  (1967) 
repor ted  a s tudy  of t h e  wavelength dependence of t h e  broadening of 
carbon d ioxide  s p e c t r a  by n i t rogen  i n  t h e  4.3 p m  r eg ion ,  and a t  ap- 
proximately t h e  same t i m e  V a s i l e v s k i i  e t  a l . ,  (1967) r epor t ed  measure- 
ments made i n  t h e  2.06 p m  band, aga in  us ing  n i t rogen  a s  t h e  broadening 
gas .  Using a continuous output  i n f r a r e d  l a s e r  i t  has r e c e n t l y  become 
poss ib l e  t o  s tudy  t h e  t ransmiss ion  p r o p e r t i e s  of a gas us ing  a very 
n e a r l y  monochromatic source .  This device  has been app l i ed  t o  t h e  
s tudy  of f o r e i g n  gas  broadening of carbon d ioxide  l i n e s  by s e v e r a l  
groups of r e sea rche r s .  Among papers which d i s c u s s  the  techniques and 
t h e  resu l t s  of experiments a r e  Rosetti e t  &le, (1967)j 
Drwson and Young (I-967), McCubbin and Mooney (19681, and 
P a t t y  e t  a l . ,  (1968). The work has gene ra l ly  been c a r r i e d  out i n  t h e  
9.6 and 10 .4  p m  carbon d ioxide  bands. 
-- -- 
-- 
-- 
From t h e  foregoing  d i scuss ion ,  it i s  ev iden t  t h a t  t h e  number of 
s t u d i e s  of t h e  e f f e c t s  of f o r e i g n  gases  f o r  broadening s p e c t r a l  l i n e s  
i n  t h e  i n f r a r e d  reg ion  have increased  g r e a t l y  i n  r e c e n t  y e a r s .  It  w i l l  
be noted t h a t  t h e  15 p m  reg ion  of carbon d ioxide  has remained r e l a -  
t i v e l y  unexplored. This probably resu l t s  from t h e  f a c t  t h a t  t h i s  
reg ion  is made up of s e v e r a l  overlapping abso rp t ion  bands w i t h  c l o s e l y  
spaced l i n e s .  It is  hoped t h a t  t h e  r e sea rch  r epor t ed  i n  t h e  fo l lowing  
chap te r s  w i l l  f u r t h e r  our knowledge of t h i s  very  important s p e c t r a l  
reg ion .  
CHAPTER 2 
THEORY 
2 . 1  In t roduct ion1  
Theore t i ca l  and experimental  s t u d i e s  of t h e  absorp t ion  of e l e c t r o -  
magnetic r a d i a t i o n  by m a t e r i a l s  have been conducted f o r  many years .  
These s t u d i e s  have r e s u l t e d  i n  t h e  formulat ion of laws concerning t h e  
t ransmission of r a d i a t i o n  through t h e  m a t e r i a l ,  t h e  discovery of 
except ions  t o  t h e s e  laws, and t h e  development of s e v e r a l  t h e o r i e s  
which at tempt  t o  exp la in  t h e  empir ica l  laws. In  t h i s  chapter  we  w i l l  
examine t h e  laws r e l evan t  t o  t h e  experimental  work which is d iscussed  
l a t e r  and t o  t h e  broadening of absorp t ion  l i n e s .  The r e l a t i v e  impor- 
tance of seve ra l  broadening mechanisms w i l l  be d iscussed  and the  
broadening source most important for measurements made i n  t h i s  work 
i d e n t i f i e d .  F i n a l l y ,  we w i l l  d e r i v e  equat ions  (based on a s impl i f i ed  
theory)  t h a t  w i l l  a l low us t o  draw c e r t a i n  conclusions from t h e  mea- 
surements made us ing  a medium r e s o l u t i o n  i n f r a r e d  spectrophotometer.  
2 .2  Lambert 's Law and Beer's Law 
When a p a r a l l e l  beam of monochromatic r a d i a t i o n  passes  through a 
medium, it  may be observed t h a t  
I = Io e' k l  ( 2 . 2 . 1 )  
'In a d d i t i o n  t o  those  s p e c i f i c a l l y  noted,  r e fe rences  f o r  t h i s  
chapter  a r e  Goody (19641, Gordy e t  a l .  , (1953) , Loeb (1961) , Nielson 
e t .  a l . ,  (19441, Townes and Schlawlow (1955) and Winters (1963). 
--- -  
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where I = t h e  i n t e n s i t y  of t h e  t r ansmi t t ed  beam 
= t h e  i n t e n s i t y  of t h e  inc iden t  beam 
I O  
1 = path  l e n g t h  i n  t h e  medium 
k = abso rp t ion  c o e f f i c i e n t  
This  law, now gene ra l ly  c a l l e d  Lambert 's Law, was d iscovered  approxi- 
mately 200 yea r s  ago. Roughly 100 yea r s  l a t e r  A .  v. Beer noted t h a t  
t h e  abso rp t ion  c o e f f i c i e n t ,  k ,  was o f t e n  p ropor t iona l  t o  t h e  concen- 
t r a t i o n  of t h e  absorb ing  m a t e r i a l .  I n  a mixture of abso rbe r s ,  Beer 
s t a t e d  t h a t  t h e  abso rp t ion  c o e f f i c i e n t  was given by t h e  express ion  
k = CIE1+ C E + C E + 2 2  3 3  . + CnEn ( 2 . 2 . 2 . )  
where C1, C 2 ,  C3, . . . , % a r e  t h e  concen t r a t ions  of t h e  absorb ing  
components and E l ,  E 2 ,  E3, , . . , En a r e  c h a r a c t e r i s t i c  of t h e  
ind iv idua l  components and are  c a l l e d  e x t i n c t i o n  c o e f f i c i e n t s .  Lambert's 
Law is  e a s i l y  der ived  i f  one assumes t h a t  t h e  change i n  i n t e n s i t y  i n  a 
t h i n  l a y e r  is p ropor t iona l  t o  t h e  i n t e n s i t y  of t h e  beam inc iden t  on t h e  
l a y e r  and t o  t h e  th i ckness  of t h e  l a y e r .  Beer's Law follows from t h e  
assumption t h a t  each  molecule i n  t h e  l a y e r  absorbs independently from 
every o the r  molecule. 
Devia t ions  from Beer's Law were f i r s t  observed f o r  carbon d ioxide  
i n  t h e  i n f r a r e d  reg ion  by h g s t r o m ,  (1893, 1901, 1908). 
He cons t ruc ted  an abso rp t ion  c e l l  which was d iv ided  by a t r anspa ren t  
p a r t i t i o n  i n t o  two equal  ha lves ,  g iv ing  him two cel ls  i n  series. One- 
ha l f  of t h e  c e l l  was f i l l e d  w i t h  carbon d ioxide  whi le  t h e  o t h e r  ha l f  
was evacuated. The i n t e n s i t y  of t h e  i n f r a r e d  r a d i a t i o n  pass ing  through 
t h e  c e l l  was then measured. Next, a va lve  was opened between t h e  two 
ha lves  of t h e  c e l l ,  a l lowing  t h e  carbon d ioxide  t o  f i l l  t he  e n t i r e  c e l l .  
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When the  r a d i a t i o n  pass ing  through t h e  c e l l  was again measured, it 
was found t h a t  t he  i n t e n s i t y  of t he  t r ansmi t t ed  r a d i a t i o n  had in- 
creased i n  apparent  v i o l a t i o n  of Lambert 's and Beer ' s  Laws. When d ry ,  
carbon d ioxide  f r e e  a i r  was admitted t o  the  c e l l  t o  increase  the  pres-  
s u r e  t o  the  o r i g i n a l  l e v e l ,  t h e  absorp t ion  increased t o  the  amount 
o r i g i n a l l y  observed. On t h e  b a s i s  of t h i s  experiment,  gngstrom con- 
cluded t h a t  t h e  increased absorp t ion  was caused by pressure  broaden- 
ing of unresolved absorp t ion  l i n e s  or bands. This conclusion has 
s ince  been shown t o  be c o r r e c t .  
o r e t i c a l  and experimental  e f f o r t  has been expended i n  a t tempt ing  t o  
de f ine  t h e  c h a r a c t e r i s t i c s  of t h e  absorp t ion  l i n e s  and of t h e  broaden- 
ing mechanisms. 
2 .3  
S ince  the  time of Xngstrom, much the- 
Line Broadening and Line Shapes 
The sources  of s p e c t r a l  l i n e  broadening t h a t  mus t  be considered 
for carbon d ioxide  spec t r a  i n  the  i n f r a r e d  s p e c t r a l  region a r e :  
1. Natural  l i n e  broadening 
2. Doppler e f f e c t  
3. P res su re  or c o l l i s i o n  broadening, i . e . ,  d i s turbances  caused 
by i n t e r a c t  ion between gas molecules 
2.3.1 Natural  Line Widths 
The Heisenberg unce r t a in ty  p r i n c i p l e  shows t h a t  
AEAt 1 'Id2 (2.3.1) 
where AE is t h e  energy spread i n  the  e x c i t e d  s t a t e  and A t  is the  mean 
t i m e  t h e  molecule spends i n  t h e  exc i t ed  s t a t e .  The n a t u r a l  l i n e  width 
may be thought of a s  a d i s turbance  of t he  molecule by zero  poin t  
f r e e  space electromagnet ic  f i e l d s .  For molecules having a permanent 
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e l e c t r i c  d ipo le  moment, a t r a n s i t i o n  of frequency from an exc i t ed  
s t a t e  t o  the  ground s t a t e  w i l l  g ive  an absorp t ion  l i n e  of ha l f  width 
a t  ha l f  maximum of 
( 2 . 3 . 2 )  
where f = frequency 
h = Planck’s  cons tan t  
c = speed of l i g h t  = 3 x 10 cm sec’ 
PI= dipo le  moment i n  esu 
10 1 
For molecules l i k e  carbon d ioxide  which do not  have a permanent d ipole  
moment, t h e  i n t e r a c t i o n  between the  molecule and the  ex te rna l  f i e l d  
w i l l  t ake  p lace  through higher order  moments, e .g . ,  t he  quadrupole 
moment. 
terms i n  these  higher  order  moments which have been neglected (because 
The term k12 i n  t he  above equat ion would then be replaced by 
they a r e  small  w i th  r e spec t  t o  the  usual  permanent d ipo le  moment). We 
may s t i l l  use the  above equat ion t o  c a l c u l a t e  an upper l i m i t  t o  t he  
l i n e  width due t o  n a t u r a l  broadening f o r  carbon d ioxide  by assuming 
some va lue  of a f i c t i t i o u s  
expected t o  be l a r g e  compared t o  the  a c t u a l l y  e x i s t i n g  higher  order 
d ipo le  moment t h a t  may reasonably be 
moments. F i r s t ,  t h e  equat ion is placed i n  a form more s u i t a b l e  t o  t h e  
u n i t s  normally used i n  in f r a red  spectroscopy. By means of t he  r e l a -  
t ions 
Af = cbu and A m  c/f 
where X = 
then 
wavelength i n  cm and u =  wavenumber i n  cut” =. i / X  
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(2.3.3) 
For a wavelength of lOlrm and a d ipole  moment of 1 debye e s u ) ,  
which is  t y p i c a l  of a po la r  molecule such a s  ammonia, one f i n d s  t h a t  
a i s  approximately cm". This  is n e g l i g i b l e  i n  comparison wi th  
the  minimum value of t h e  ha l f  width observed i n  a p l ane ta ry  atmosphere, 
t he  minimum value  being on t h e  order  of cm-1. 
2.3.2 Doppler Broadening 
The apparent  s h i f t i n g  of t h e  frequency of a beam of rad ia-  
t i o n  caused by t h e  motion of the  molecules i n  t h e  d i r e c t i o n  of propa- 
ga t ion  of t h e  beam leads  t o  a f i n i t e  absorp t ion  l i n e  width.  The 
apparent  wave number s h i f t  i s  
A V  = V($ (2.3.4) 
where u =  t h e  wave number of t h e  r a d i a t i o n  
and 
Assuming a Maxwelliam d i s t r i b u t i o n  of v e l o c i t i e s ,  t h e  p r o b a b i l i t y  
t h a t  a molecule of a gas has a v e l o c i t y ,  V,  i n  a p a r t i c u l a r  d i r e c t i o n  
is p r o p r t  iona 1 t o  
v = t h e  v e l o c i t y  of t he  molecule i n  the direction of the beam 
-mV2/2 kT e 
where m = molecular mass 
k = Boltzmann's cons tan t  
T = abso lu te  temperature  
Then, t h e  l i n e  i n t e n s i t y  becomes 
9 
(2 .3 .5)  
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where ko = t he  absorp t ion  c o e f f i c i e n t  a t  t he  l i n e  c e n t e r  and Vo = t he  
wavenmber of the l ine  center. 
It can be seen t h a t  t h e  l i n e  i s  
width a t  ha l f  maximum of 
symmetric about Vo and has a ha l f  
(2.3.6) 
where M i s  the  molecular weight.  Thus, f o r  carbon dioxide a t  T = 
300° K and a wavelength of 10*pm, t h e  Doppler ha l f  w i d t h  i s  appromi- 
mately equal t o  lom3 cm". 
w i d t h  observed a t  atmospheric pressure  (approximately 10-1 cm-'). 
However, it i s  comparable t o  the  observed half  width a t  a p re s su re  of 
This is n e g l i g i b l e  compared t o  the  ha l f  
atmospheres, and consequently,  Doppler broadening must be taken 
i n t o  account a t  l o w  pressures .  
2.3.3 C o l l i s i o n  o r  Pressure Broadening 
Natural  and Doppler l i n e  widths  have been shown t o  be 
small  a t  gas pressures of t he  order  of one atmosphere. It would then 
appear t h a t  p ressure  o r  c o l l i s i o n a l  broadening w i l l  be the  major 
eource of t h e  broadening of absorp t ion  l i n e s  a t  moderate pressures. 
The s tudy  of t he  c o l l i s i o n a l  broadening of s p e c t r a l  l i n e s  
produced by the  per turb ing  e f f e c t s  of o ther  molecules was f i r s t  s t u d i e d  
by Michelson (1895). 
t h e  r e s u l t s  of a s tudy  (Lorentz,  1906) d i scuss ing  the  Lorentz l i n e  
p r o f i l e .  He considered the  molecules a s  a group of c l a s s i c a l  o s c i l -  
l a t o r s ,  each of which o s c i l l a t e s  a t  cons tan t  ampli tude,  but is ab rup t ly  
stopped a f t e r  some time, t ,  where the  number o s c i l l a t i n g  f o r  time 
is given by Nt = No e't/7, where 7 i s  the  mean t i m e  between c o l l i s i o n s .  
Upon r e s t a r t i n g ,  t h e  phase of t he  o s c i l l a t i o n  is assumed t o  be random 
The work was continued by Lorentz ,  who published 
t ,  
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w i t h  respec t  t o  t h e  phase a t  t h e  t i m e  of t he  i n t e r r u p t i o n .  For a 
r o t a t i n g  molecule,  t h i s  is equiva len t  t o  saying t h a t  t h e  o r i e n t a t i o n  
is random. On the  b a s i s  of t h e  above assumptions,  it is found t h a t  
t he  absorp t ion  c o e f f i c i e n t  is of t he  form 
) = 2 (  2 2  “ L  7r ( f  - fo) +s, kf ( 2 . 3 . 7 )  
where S = a cons tan t  generally called the line streng’bh 
f o  = frequency of l i n e  c e n t e r  ( n a t u r a l  frequency of t he  o s c i l -  
l a t o r s )  
QL Lorentz half  width a t  ha l f  maximum = 1/2rr (2.3.7a) 
The Lorentz theory  was extended by Van Vleck and Weisskopf 
(1945). They assumed t h a t  a t  t he  t i m e  t h a t  a r a d i a t i n g  molecule 
undergoes a c o l l i s i o n  t h e  phase fol lowing t h e  c o l l i s i o n  i s  not  random 
( a s  i n  t h e  Lorentz model), but  r a t h e r  fol lows a Boltzmann d i s t r i b u t i o n  
wi th  r e spec t  t o  t h e  e l e c t r i c  f i e l d .  Using a c l a s s i c a l  theory ,  a 
result  is obtained t h a t  is somewhat s i m i l a r  t o  the  Lorentz expression.  
Q L  + QL \ 
2 2 2 
( f  - fo)  +a L ( f f f )  0 (2.3.8)  L 
Since i n  the  in f r a red  reg ion  Q << t h e  above 
L 0 
t o  the  Lorentz p r o f i l e  i n  t h a t  region.  I f  a fi: 
L 
the  microwave reg ion ,  t h e  second term introduces 
expression reduces 
a s  it may be i n  
‘0 
asymmetry i n t o  t h e  
p r o f i l e .  A t  h igh f requencies  f a r  from t h e  l i n e  c e n t e r ,  t h i s  p r o f i l e  
would p r e d i c t  cons tan t  absorp t ion ,  Many comparisons between experi-  
mental l i n e  shapes and t h e  Van Vleck-Weisskopf shape have been made. 
A t  low p res su res ,  t he  agreement i s  q u i t e  good i n  t h e  microwave reg ion ,  
1 3  
however, t h e  agreement d e t e r i o r a t e s  s e r i o u s l y  a t  higher pressures. 
Even i f  it w e r e  p o s s i b l e  t o  develop l i n e  shapes of t h e  type  pre- 
v i o u s l y  d iscussed  t h a t  w e r e  i n  agreement w i t h  exper imenta l ly  d e t e r -  
mined l i n e  shapes,  t h e  s i t u a t i o n  would s t i l l  n o t  be e n t i r e l y  s a t i s -  
eac tory .  It would be necessary  t o  e m p i r i c a l l y  f i t  c e r t a i n  parameters 
of t h e  l i n e  shape, e . g . ,  t h e  ha l f  width o r  c o l l i s i o n  frequency (which 
i s  r e l a t e d  t o  t h e  ha l f  width) t o  match t h e  d a t a .  One might t h i n k  
t h a t  t h e  c o l l i s i o n  frequency could be obta ined  from k i n e t i c  theory .  
Unfor tuna te ly ,  however, r e s u l t s  of a t tempts  a t  t h i s  g e n e r a l l y  y i e l d  
ha l f  widths t h a t  a r e  c o n s i s t e n t l y  lower than observed abso rp t ion  l i n e  
ha l f  widths i n d i c a t i n g  t h a t  t h e  k i n e t i c  c o l l i s i o n  c r o s s  s e c t i o n  must 
be smal le r  than t h e  o p t i c a l  c o l l i s i o n  c r o s s  s e c t i o n .  
Seve ra l  a t tempts  a t  r e l a t i n g  p res su re  o r  c o l l i s i o n a l  
broadening t o  t h e  in te rmolecular  f o r c e s  have been made. The problem 
i s  so complex, however, t h a t  t h e  t h e o r i e s  developed a r e  s u b j e c t  t o  
many s impl i fy ing  assumptions and, t h e r e f o r e ,  u s u a l l y  only apply  under 
r a t h e r  l i m i t e d  cond i t ions .  I n  gene ra l ,  t h e  t h e o r i e s  can be d iv ided  
i n t o  two types ,  v i z . ,  impact t h e o r i e s  and s t a t i s t i c a l  t h e o r i e s .  I n  
impact t h e o r i e s ,  it is  assumed t h a t  most of t h e  t i m e ,  a molecule is  
f a r  enough from o t h e r  molecules s o  t h a t  it may be considered f r e e .  
Occasionally,  however, i t  approaches another  molecule c l o s e l y  enough 
t h a t  i t s  energy l e v e l s  a r e  per turbed .  During t h e  encounter w i t h  t h i s  
molecule,  a t r a n s i t i o n  may or may no t  occur.  It i s  usua l ly  assumed 
t h a t  r a d i a t i o n  t a k e s  p l a c e  dur ing  t h e  t i m e  tha t  t h e  molecule is f r e e  
and t h a t  i n t e r r u p t i o n  t a k e s  p l ace  only dur ing  t h e  b r i e f  and inf requent  
encounters.  S t a t i s t i c a l  t h e o r i e s ,  on t h e  o t h e r  hand, assume t h a t  t h e  
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molecule is  always under t he  inf luence  of o the r  molecules ,  a l though 
t h e  inf luence  of t he  o the r  molecules may be weak. The i n t e n s i t y  of 
the  r a d i a t i o n  a t  any frequency depends on t h e  p r o b a b i l i t y  t h a t  the  
molecule is per turbed enough by o ther  molecules t o  make it r a d i a t e  
a t  t h a t  frequency. Although e i t h e r  theory  can, i n  p r i n c i p l e ,  pro- 
duce good resul ts ,  both break down i n  p r a c t i c e  when t h e  s impl i fy ing  
assumptions become u n r e a l i s t i c .  The impact t h e o r i e s  become inaccura te  
a t  high pressures  when t h e  c o l l i s i o n s  a r e  f requent  and the  r a d i a t i o n  
during c o l l i s i o n s  becomes important while  t h e  s t a t i s t i c a l  t h e o r i e s  
produce good results only  a t  low p a r t i c l e  v e l o c i t i e s .  
The s t a t i s t i c a l  method was introduced by Kuhn and London 
(1934) and Kuhn (1934). Thei r  a n a l y s i s  pred ic ted  a highly asymmetric 
l i n e  shape. This  shape has been observed a t  v i s i b l e  wavelengths. 
Margenau (1949) developed a more s o p h i s t i c a t e d  s t a t i s t i c a l  theory  
and appl ied  it t o  the  spectrum of ammonia. 
ha l f  widths t h a t  were approximately c o r r e c t  and t h a t  var ied  i n  approxi- 
mately t h e  c o r r e c t  manner. 
and experimental  r e s u l t s  do e x i s t .  
The theory  predic ted  
Systematic v a r i a t i o n s  between the  theory  
C o l l i s i o n  t h e o r i e s  f o r  o p t i c a l  and i n f r a r e d  wavelengths 
have been given by Lindholm (1945) and Foley (1946). The r e s u l t s  of 
t h e i r  theory (which assumes no c o l l i s i o n  caused t r a n s i t i o n s )  i n d i c a t e  
that  f o r  s t rong  c o l l i s i o n s ,  t h e  l i n e  shape would be of the  Lorentz 
type.  When weaker c o l l i s i o n s  were taken i n t o  account ,  however, it 
was found t h a t  t h e r e  was not  only a broadening of t he  l i n e  about t he  
cen te r  frequency, but a l s o  a s h i f t  i n  t he  frequency of t h e  l i n e  cen te r .  
The e f f e c t  of t h e  weak c o l l i s i o n s  was t o  decrease the  cen te r  'frequency. 
The l i n e  shape produced was of t h e  type 
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kf = cons tan t  
2 
(f - fo +, aa)  + a  
(2.3.9) 
It can be seen from t h i s  t h a t  the s h i f t  i n  c e n t e r  frequency is pro- 
p o r t i o n a l  t o  the l i n e  h a l f  width.  
The most n e a r l y  complete impact theory  t o  d a t e  has been 
developed by Anderson (1949). Although o r i g i n a l l y  publ ished f o r  
d ipole-d ipole  i n t e r a c t i o n s ,  t h e  theory has been extended by Tsao and 
Curnut te  (1962) t o  t h e  case  of dipole-quadrupole and quadsupole- 
quadrupole i n t e r a c t i o n s .  Based on t h e  assumption t h a t  t h e  r e l a t i v e  
motions of the  p a r t i c l e s  a r e  c l a s s i c a l  and t h a t  the t i m e  of c o l l i s i o n s  
i s  small  and al lowing t r a n s i t i o n s  t o  occur dur ing  c o l l i s i o n s ,  Anderson 
determined t h e  l i n e  shape t o  be a s  fol lows:  
where S = a cons tan t  generally called the l i n e  S%r'eng;th 
f o  = frequency of t h e  l i n e  c e n t e r  
a = l i n e  ha l f  wid th  a t  half  maximum 
It can be seen tha t  t h i s  is s i m i l a r  t o  t h e  Van Vleck- 
Weisskopf l i n e  shape except  t h a t  t h e  p o s s i b i l i t y  of a c e n t e r  frequency 
s h i f t  i s  allowed. The theory  p r e d i c t s  that  t h i s  s h i f t  should be small  
f o r  resonant  s e l f  broadening and should be small i n  most o t h e r  cases .  
These p red ic t ions  have been v e r i f i e d  experimental ly .  
computed by means of Anderson's theory ,  have been determined f o r  t he  
s e l f  broadened spectrum of ammonia and t h e  agreement is q u i t e  good. 
The r e s u l t s  f o r  fo re ign  broadened ammonia s p e c t r a  have been less 
s a t i s f a c t o r y ,  a l though they  a r e  not  t o o  bad i f  t h e  broadener has a 
Line ha l f  widths, 
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d i p o l e  moment n o t  t o o  d i f f e r e n t  from t h e  d i p o l e  moment of ammonia. 
Recently,  a t t empt s  have been made t o  apply  Anderson's theory  t o  
fo re ign  broadened carbon d ioxide  s p e c t r a  (Yamamto, e t  a l . ,  1968). 
The r e s u l t s  of t h e s e  c a l c u l a t i o n s  w i l l  be compared t o  our da ta  i n  a 
l a t e r  chap te r .  
-- 
I n  summary, it appears  t h a t  t h e  theo ry  f o r  t h e  p r e d i c t i o n  
of t h e  spec t r a  of p re s su re  broadened gases is n o t  y e t  complete. 
Even Anderson's t heo ry ,  which i s  probably t h e  b e s t  a v a i l a b l e ,  a p p l i e s  
f o r  t h e  most p a r t ,  nea r  t h e  l i n e  c e n t e r s .  The s i t u a t i o n  i n  t h e  
wings of l i n e s  where t h e  f o r c e  f i e l d s  a r e  more poor ly  known and 
poss ib ly  m u l t i p l e  c o l l i s i o n s  become more important ( a l l  of t h e  impact 
t h e o r i e s  d i scussed  assume b ina ry  c o l l i s i o n s )  is even less w e l l  under- 
s tood .  I n  most of t h e  work done i n  p r e d i c t i n g  s p e c t r a  on t h e  b a s i s  
of known l i n e  p o s i t i o n s ,  t h e  l i n e  shape i s  being assumed and 
s t r e n g t h s  and ha l f  widths e m p i r i c a l l y  f i t t e d .  The l i n e  shape gen- 
e r a l l y  used i n  t h e s e  c a l c u l a t i o n s  is t h e  Lorentz p r o f i l e  a t  h igh  
p res su res  ( t y p i c a l l y  p > O . l  atmospheres) and a convolu t ion  of t h e  
Doppler and Lorentz p r o f i l e s  ( c a l l e d  t h e  Voigt p r o f i l e )  a t  lower 
p re s su res .  The Voigt p r o f i l e  may e i t h e r  be read from precomputed 
tables or c a l c u l a t e d  d i r e c t l y ,  depending upon t h e  problem t o  be so lved  
and t h e  f a c i l i t i e s  a v a i l a b l e .  Methods of c a l c u l a t i n g  t h e  p r o f i l e  a r e  
d iscussed  by Young (1965a), and precomputed t a b l e s  of t h e  p r o f i l e  
have been presented  by s e v e r a l  persons inc luding  Posener (19591, 
Faddeeva and Terentev  (1961), F r i e d  and Conte (1961) and Young (1965b). 
A technique using e m p i r i c a l l y  f i t t e d  l i n e  widths and c a l c u l a t e d  
p o s i t i o n s  i s  descr ibed  by Drayson and Young (1966) and Drayson, e t  -
&., (1968). 
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2 . 4  The Broadening C o e f f i c i e n t  and Broadening Fac tor  
I n  view of t h e  present  t h e o r e t i c a l  s i t u a t i o n ,  w e  w i l l  proceed 
wi th  the  experimental  work on t h e  b a s i s  of a semiempirical  se t  of 
r e l a t i o n s h i p s  d iscussed  below. The experimental  da ta  presented  i n  
succeeding chap te r s  based on these  r e l a t i o n s h i p s  should be u s e f u l  
f o r  t h e  development of t h e o r i e s  more s o p h i s t i c a t e d  than t h a t  p re -  
s en ted  here .  On t h e  b a s i s  of assumed Lorentzian p r o f i l e s ,  expres- 
s ions  w i l l  be developed for parameters ( t h e  broadening c o e f f i c i e n t  
and t h e  broadening f a c t o r )  which w i l l  be a measure of t he  a b i l i t i e s  
of va r ious  i n f r a r e d  o p t i c a l l y  t r anspa ren t  gases  f o r  broadening car -  
bon d ioxide  s p e c t r a l  l i n e s .  
As was noted i n  t h e  d i scuss ion  of t h e  Lorentz  theo ry ,  t h e  ha l f  
width of a Lorentz  l i n e  i s  
1 
aL = 2rr 
where 7 is t h e  mean t i m e  between c o l l i s i o n s .  
From k i n e t i c  t heo ry ,  t h e  c o l l i s i o n  frequency of an absorbing 
molecule,  a ,  i n  a mixture  wi th  a broadening molecule,  b ,  i s  (Chapman 
and Cowling, 1939) 
(2.4.1) 
where k = Boltzmann's cons tan t  
T = abso lu te  temperature  
D, = o p t i c a l  c o l l i s i o n  diameter f o r  absorber  w i th  i t s e l f  
Dab = o p t i c a l  c o l l i s i o n  diameter f o r  c o l l i s i o n s  between 
absorber  and broadener 
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Na = number d e n s i t y  of absorber  
Nb = number d e n s i t y  of broadener 
Ma = molecular weight of t he  absorbing molecule 
Mb = molecular weight of t he  broadening molecule 
then 
(2.4.2) 
s u b s t i t u t i n g  
and l e t t i n g  
P = -a and Nb = 5 
Na kT kT 
one f i n d s  
(2.4.3) 
The q u a n t i t y ,  B ,  w i l l  be r e f e r r e d  t o  i n  t h i s  paper a s  t he  broadening 
c o e f f i c i e n t .  ( I n  most papers  it is r e f e r r e d  t o  a s  t h e  self-broaden- 
ing c o e f f i c i e n t ) .  
a s  t he  equ iva len t  pressure a n d i s  c a l l e d  t h a t  here .  From the  broad- 
ening c o e f f i c i e n t ,  t h e  r a t i o  of t h e  o p t i c a l  diameters  can be r e a d i l y  
determined by s u b s t i t u t i n g  Eq. (2.4.2a) and Eq. (2.4.2b) i n t o  
The q u a n t i t y  (Pb + BP,) i s  g e n e r a l l y  r e f e r r e d  t o  
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(Eq.  ( 2 . 4 . 2 ~ )  and so lv ing  f o r  the  r a t i o  of t h e  c o l l i s i o n  diameters .  
T h i s  y i e l d s  
1 
- -  Daa - B$ ( M2 A Mb ) a 
Dab 
(2.4.4) 
I t  i s  sometimes d e s i r a b l e  t o  determine t h e  broadening a b i l i t y  of an 
o p t i c a l l y  t r anspa ren t  gas r e l a t i v e  t o  t h e  broadening a b i l i t y  of a 
second o p t i c a l l y  t r a n s p a r e n t  gas;  i n  some cases t h i s  improves t h e  
experimental-accuracy. In  t h i s  ca se ,  n i t rogen  i s  gene ra l ly  used 
a s  t h e  r e fe rence  gas .  A q u a n t i t y  named t h e  broadening f a c t o r ,  F ,  
is def ined by 
F i  
'i 
(2.4.5)  
where P - N -  
2 
P =  
i 
n i t rogen  p a r t i a l  p re s su re  t o  produce a given t ransmi t -  
t ance  
p a r t i a l  p re s su re  of i t h  gas requi red  t o  produce on 
equal  t r ansmi t t ance ,  
Depending upon t h e  goa ls  of t h e  experiment and t h e  a v a i l a b l e  equip- 
ment both the  broadening c o e f f i c i e n t  and the  broadening f a c t o r  may 
be determined as a func t ion  of wavelength o r  a s  band-averaged 
q u a n t i t i e s .  
t h e  broadening c o e f f i c i e n t  f o r  tha t  gas and t h e  broadening c o e f f i c i e n t  
The broadening f a c t o r F i ,  f o r  a gas i, is  r e l a t e d  t o  
f o r  n i t rogen  by t h e  r e l a t i o n s h i p  
BN 
Fi - B4 -2 
A 
This can be shown t o  fol low from t h e  
ing  f a c t o r  and broadening c o e f f i c i e n t  by 
(2.4.6) 
d e f i n i t i o n s  of t h e  broaden- 
w r i t i n g  Eq. ( 2 . 4 . 3 )  f o r  
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n i t rogen  and f o r  t h e  i t h  broadening gas. Assuming t h a t  equal  
t r ansmiss iv i ty  
be equated and 
(2.4.6). 
i m p l i e s  equal l i n e  widths ,  t h e  two expressions can 
solved f o r  P /Pi, The result w i l l  be equat ion 
N2 
The broadening c o e f f i c i e n t  and broadening f a c t o r  w i l l  d i f f e r  
from gas t o  gas and w i l l  r ep resen t  a measure of t h e  l i n e  broadening 
a b i l i t y  of each gas.  
The equipment and techniques used f o r  an experimental  determina- 
t i o n  of t he  band-averaged broadening c o e f f i c i e n t  f o r  n i t r o g e n ,  band- 
averaged broadening f a c t o r s  f o r  argon, helium and oxygen, and wave- 
length  dependent broadening c o e f f i c i e n t s  for argon,  hel ium, n i t rogen ,  
and oxygen w i l l  be d iscussed ,  a long wi th  the  r e s u l t i n g  measurements, 
i n  succeeding chap te r s ,  
CHAPTER 3 
EQUIPPIENT 
3.1 Spectrophotometer 
The measurements were made us ing  a Perk in  E l m e r  Model 2 2 1  i n f r a r e d  
spectrophotometer equipped w i t h  a potassium bromide l i n e a r  wave- 
l eng th  p r i s m  in te rchange  u n i t .  This spectrophotometer i s  a double 
beam o p t i c a l  n u l l i n g  prism instrument of medium r e s o l u t i o n  (appromi- 
mately 3 t o  4 cm”) w i t h  an i n t e g r a l  s t r i p  c h a r t  r eco rde r  which p l o t s  
t r a n s m i s s i v i t y  vs .  wavelength. The o p t i c a l  n u l l i n g  is achieved by 
means of a s e rvo  d r iven  f i l t e r .  This f i l t e r  ( i n  which t h e  t r a n s -  
m i s s i v i t y  v a r i e s  i n  a l i n e a r  manner from 0 t o  100% over t h e  l eng th  
of t h e  f i l t e r )  is moved i n  t h e  r e fe rence  beam u n t i l  t h e  energy reach- 
ing  t h e  d e t e c t o r  through t h e  r e fe rence  beam equa l s  t h e  energy reach- 
ing  t h e  d e t e c t o r  through t h e  sample beam. 
of t h e  two beams is e q u a l ,  t h e  p o s i t i o n  of t h e  f i l t e r  i s  measured 
and i n t e r p r e t e d  i n  terms of t h e  t r a n s m i s s i v i t y  of t h e  sample beam. 
When t h e  measured energy 
The p a r t i c u l a r  instrument used i n  t h e s e  tests was modified a s  
fo l lows:  f i r s t ,  a p r e c i s i o n  wirewound poten t iometer  was added s o  
t h a t  an e l e c t r i c a l  ana log  of t h e  t r a n s m i s s i v i t y  was a v a i l a b l e ;  
second, a cam and a minature swi t ch  were added t o  t h e  wavelength in- 
d i c a t o r  ou tput  s h a f t  so t h a t  an e l e c t r i c a l  pu l se  was generated a t  
i n t e r v a l s  of 0.02 p m -  During a l l  tes ts  t h e  instrument volume was 
purged w i t h  Liquid Carbonic Company “ H i  Pure” grade n i t rogen .  A 
photograph of t h e  instrument w i t h  t h e  long pa th  gas  cel ls  i n s t a l l e d  
is shown i n  F igure  1. 
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The c a l i b r a t i o n s  of both the  wavelength s c a l e  and the  t r a n s -  
m i s s i v i t y  s c a l e  of t h e  instrument were checked. The wavelength 
s c a l e  of t h e  instrument was c a l i b r a t e d  by comparing t h e  wavelength 
reading of t h e  instrument wi th  t h e  known pos i t i ons  of t he  maxima of 
s e v e r a l  GO2 bands. It was found t h a t  t h e  instrument read uniformly 
high by 0.05 p m .  This  c o r r e c t i o n  was app l i ed  t o  a l l  da t a  dur ing  the  
da t a  reduct ion .  
C a l i b r a t i o n  of t h e  t r a n s m i s s i v i t y  s c a l e  of t h e  instrument proved 
t o  be more d i f f i c u l t .  Af t e r  a l i t e r a t u r e  survey had y i e lded  r e l a -  
t i v e l y  l i t t l e  information on t h e  t e s t i n g  of t h e  l i n e a r i t y  o f  spec t ro-  
photometer t r a n s m i s s i v i t y  s c a l e s ,  t he  fol lowing two d i f f e r e n t  methods 
were t r i e d  . 
In  t h e  f i r s t ,  t h e  t r a n s m i s s i v i t i e s  of s e v e r a l  d i f f e r e n t  sc reens  
and pe r fo ra t ed  p l a t e s ,  placed i n  the  sample beam, were measured. A 
number of d i f f i c u l t i e s  a r o s e  us ing  t h i s  method. 
1. It was d i f f i c u l t y  t o  f i n d  screens  of d i f f e r e n t  open a r e a s .  
It seemed t h a t  most sc reens  of usable  mesh and w i r e  s i z e s  had 
t r a n s m i s s i v i t i e s  of approximately 40 t o  60 percent .  
2 .  The t r a n s m i s s i v i t y  was s e n s i t i v e  t o  t h e  l a t e r a l  l oca t ion  of 
of t h e  screen  i n  t h e  beam. This was most pronounced f o r  those  
sc reens  having a r a t h e r  coarse  mesh and coa r se  wires. 
3 .  D i f f r a c t i o n  e f f e c t s  tended t o  defocus t h e  instrument and 
thereby  cause t r a n s m i s s i v i t y  readings d i f f e r e n t  from t h e  geo- 
metric t r a n s m i s s i v i t y  of t h e  screen.  
nounced w i t h  some extremely f i n e  mesh, e tched screens .  
4. 
s i t i v e .  It is  f e l t  t h a t  t h i s  is  not  a result  of instrument 
This e f f e c t  was most pro- 
The measured t r a n s m i s s i v i t y  tended t o  be wavelength sen- 
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l i n e a r i t y  e r r o r  s i n c e  screens of d i f f e r e n t  mesh s i z e s  b u t  of 
s i m i l a r  t r a n s m i s s i v i t y  gave q u i t e  d i f f e r e n t  results.  
was p a r t i c u l a r l y  troublesome a t  t r a n s m i s s i v i t i e s  between 0.3 
and 0.75, 
This 
I n  s p i t e  of t he  foregoing d i f f i c u l t i e s ,  t h r e e  screens  were found 
t h a t  gave s a t i s f a c t o r y  r e s u l t s  when t e s t e d  on t h i s  instrument and 
on a f a c t o r y  c a l i b r a t e d  Cary model 90 spectrophotometer a t  t he  
Goddard Space F l i g h t  Center of NASA, A photograph of t hese  screens  
(having t r a n s m i s s i v i t i e s  of 0.092, 0.158 and 0.861 a s  measured on 
the  Cary Instrument) i s  shown i n  Figure 2 .  The screen  having the  
h ighes t  t r a n s m i s s i v i t y  is a tungsten wire screen  of t he  type used 
i n  e l e c t r o n  tube g r i d s ,  The two screens  of lower t ransmission a r e  
of shee t  metal  having many small  punched holes ,  
Since t h e  t r a n s m i s s i v i t y  l i n e a r i t y  c a l i b r a t i o n  ou t l ined  above 
was not  p a r t i c u l a r l y  s a t i s f a c t o r y ,  a second method of c a l i b r a t i o n  
was t r i e d .  This  method was suggested by D r .  Robert  Howard (Howard, 
1968) of t h e  Perkin E l m e r  Corporat ion,  and is t h e  method used by the  
Perkin E l m e r  Corporat ion f o r  l abora to ry  checks of instrument l i n e -  
a r i t y ,  I n  t h i s  method, segmented d i sks  a r e  r o t a t e d  a t  high speed 
i n  t h e  sample beam. I f  t h e  r a t i o  of open a rea  t o  t o t a l  a r ea  is 
known and t h e  r o t a t i o n  speed is  s e l e c t e d  so t h a t  synchronizing of 
t h e  e x t e r n a l  d i s k  and t h e  i n t e r n a l  chopper does not  occur ,  one 
should be a b l e  t o  c a l i b r a t e  t h e  t r a n s m i s s i v i t y  s c a l e  of t h e  i n s t r u -  
ment. Unfortunately,  t h i s  method has c e r t a i n  weaknesses, The a s -  
sumption is  made t h a t  t he  instrument e l e c t r o n i c s  w i l l  t r e a t  a s i g -  
n a l  whose value is a l t e r n a t i n g  r ap id ly  between zero  and one i n  the  
same manner t h a t  i t  would t r e a t  a s teady ,  
Figure 2.- Perforated screens used for  spectrophotometer calibration. 
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gray s i g n a l  where the  t r a n s m i s s i v i t y  i s  equal  t o  t h e  r a t i o  of chop- 
per open a r e a  t o  chopper t o t a l  a r e a .  As can be seen  from Figure  3, 
the  thermocouple d e t e c t o r  has s i g n i f i c a n t  response a t  t he  chopping 
f requencies  involved(by extrapolating the curve at 120 H ) z 
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F igure  3. Thermocouple d e t e c t o r  response curve. 
As a r e s u l t ,  t h e  l i n e a r i t y  of t h e  thermocouple and t h e  response of 
t h e  e l e c t r o n i c s  t o  h igh  frequency inpu t s  could become important 
( t h e s e ,  of course ,  a r e  n o t  important du r ing  t h e  normal o p t i c a l  
n u l l i n g  ope ra t ion  of t h e  ins t rument ) .  S ince  t h e  errors from these 
sources were thought t o  be small  no a t tempt  was made t o  c o r r e c t  t h e  
ca  1 i b r a  t ion  f o r  them. 
To c a l i b r a t e  t h e  instrument by t h i s  method a set of d i sks  was 
made having open a r e a  t o  t o t a l  a r e a  r a t i o s  of 0.05, 0.10, 0 .20,  
0.40, 0.60, 0.80, 0.90 and 0.95. A photograph of t h e s e  d i s k s  i s  
shown i n  F igu re  4. The d i s k s  were r o t a t e d  by a d .c .  motor. The 
speed of t h e  motor was approximately 3500 r.p.m. and was v a r i e d  
k 
0 
k 
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approximately 10% i n  t h e  v i c i n i t y  of t h i s  speed t o  in sq re  t h a t  
s t r o b i n g  w i t h  t h e  chopper was no t  occur r ing .  
The r e s u l t s  of t h e  two c a l i b r a t i o n  methods a r e  shown i n  Table 1. 
It would appear from t h e  r e s u l t s  obtained us ing  t h e  r o t a t i n g  d i s k s  
t h a t  t h e  instrument  i s  more n e a r l y  l i n e a r  than i f  judged on t h e  
b a s i s  of t h e  r e s u l t s  of t h e  tests us ing  t h e  screens .  X t  can be seen 
t h a t  t he  instrument l i n e a r i t y  e r r o r  was less than  1% i n  most cases .  
S h o r t l y  a f t e r  t h e s e  l i n e a r i t y  c a l i b r a t i o n s  were completed, a 
more accu ra t e  method of measuring spectrophotometer l i n e a r i t y  was 
d iscussed  by Reule (1968). Reule 's  technique. c a l l e d  a supplementary 
l i g h t  method, involves  t h e  a d d i t i o n ,  i n  s eve ra l  s t e p s ,  of equal  
amounts of l i g h t .  In  p r i n c i p l e ,  t h e  method i s  t h e  same a s  adding 
equal  weights  t o  a s p r i n g  s c a l e  t o  determine i t s  l i n e a r i t y .  
impkmntat ion of t h e  technique is r a t h e r  complex, however, and f o r  
t h a t  reason it was no t  used here .  
t h e  c a l i b r a t i o n  of a master  spectrophotometer a g a i n s t  which o the r  
u n i t s  can be checked. 
The 
The technique is  bes t  s u i t e d  f o r  
3.2 Data Process ing  system 
Since  t h e  spectrophotometer output  was l i n e a r  i n  wavelength 
( r a t h e r  than  l i n e a r  i n  wavenumber) and because of a desire t o  cor-  
rect t h e  da t a  f o r  ins t rumenta l  effects ( ze ro  s h i f t s ,  n o n - l i n e a r i t i e s  
and scale f a c t o r  changes) it was necessary  t o  u t i l i z e  a r a t h e r  
e l a b o r a t e  da t a  process ing  system. A block diagram of t h i s  system 
is  shown i n  F igure  5. The output  of t h e  spectrophotometer cons i s t ed  
of 0-5v ana log i t eo f  t h e  t r a n s m i s s i v i t y  T(X) whi le  t h e  wavelength 
output  cons i s t ed  of 3 v o l t  pu lses  a t  wavelength increments of 0.02 p m .  
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These analogue ou tpu t s  were converted t o  a frequency modulated A C 
s i g n a l  u s ing  t h e  United Electrodynamics Corpora t ion  v o l t a g e  con- 
t r o l l e d  o s c i l l a t o r s .  The o s c i l l a t o r s  had c e n t e r  f requencies  of 
5400 cps ( T  ( A )  ) and 10,500 cps ( A )  and maximum dev ia t ions  of 
f 7.5% of c e n t e r  frequency. The ou tpu t s  of t h e s e  o s c i l l a t o r s  
were mixed us ing  a Vic tor  Mfg. Co .  TA 58 mixer a m p l i f i e r .  The 
mixed, frequency modulated s i g n a l  was then t r ansmi t t ed  v i a  sh i e lded  
cab le  t o  t h e  High A l t i t u d e  Engineering Laboratory Mobile Telemetry 
S t a t i o n  which conta ined  t h e  remainder of t h e  d a t a  process ing  system 
(excluding t h e  p l o t t e r  which was loca ted  e l sewhere) .  The fm s i g n a l s  
were converted t o  v o l t a g e  analog s i g n a l s  by t h e  EMR d i sc r imina to r s  
and f e d  t o  t h e  Radia t ion  Inc .  A t o  D conver te r .  The A t o  D con- 
v e r t e r  sampled t h e  T(X) s i g n a l  a t  each  command pu l se  from t h e  read- 
out  of t h e  ins t rument ,  i . e . ,  every 0.02 pm. The twelve b i t  sample 
of T(X) was then  s t o r e d  i n  t h e  PDP-8 memory f o r  l a t e r  process ing ,  
and was typed a l s o  punched on paper t a p e  a s  a permanent record .  The 
system was c a l i b r a t e d  us ing  t h e  c a l i b r a t i o n  vo l t age  source  ( r egu la t ed  
0 ,1 ,2 ,3 ,4 ,&5v)  and t h e  H e w l e t t  Packard Model 522B d i g i t a l  counter .  
The c a l i b r a t i o n  procedure used w i l l  be d iscussed  i n  d e t a i l  i n  Chapter 
4. 
The c a l i b r a t i o n  source  cons i s t ed  of a b a t t e r y ,  two s t a g e  zener 
diode r e g u l a t o r  and v o l t a g e  d i v i d e r  ou tput  network. This u n i t  was 
capable  of producing h igh ly  s t a b l e ,  independently a d j u s t a b l e  vol -  
t a g e s  of 0 . , 1 . , 2 , , 3 . , 4 . ,  and 5. v o l t s .  Each v o l t a g e  was a d j u s t a b l e  
over a range of approximately + 0 . 2 ~ .  The a c t u a l  vo l t ages  were such 
t h a t  t h e  V.C.O. output  frequency a t  each v o l t a g e  was equal  t o  t h e  
- 
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V.C .O. ou tput  vo l t age  a t  t h e  corresponding t r a n s m i s s i v i t y  (as  mea- 
sured us ing  t h e  r o t a t i n g  d i sk )  a t  a wavelength of 16pm. Befote 
and a f t e r  each run ,  t hese  s i x  vo l t ages  were switched through t h e  
da t a  system. The two sets of c a l i b r a t i o n s  were averaged and t h e  
averaged va lues  were ass igned  t h e  t r a n s m i s s i v i t y  va lues  of O . ,  0.20, 
0.40, 0.60, 0.80 and 1.00 by t h e  computer. The da ta  were then 
i n t e z p r e t e d  by l i n e a r  i n t e r p o l a t i o n  between t h e s e  po in t s .  
This da t a  system proved t o  be h igh ly  r e l i a b l e  and s t a b l e  over 
per iods  a s  long a s  s e v e r a l  days. 
(a run  u s u a l l y  r equ i r ed  less than  twenty minutes) t h e  c a l i b r a t i o n s  
Over a pe r iod  of t h i r t y  minutes 
would c o n t a i n  a 1 u  e r r o r  of less than  0.05%. It is es t imated  t h a t  
t h e  t o t a l  e r r o r  introduced i n t o  t h e  t r a n s m i s s i v i t y  da t a  by t h i s  
system would have a la va lue  of less than 0.5%. 
3.3 P res su re  Gauge 
A l l  p r e s su res  were measured by means of an  MKS Type 7 7  Bara t ron  
p res su re  gauge w i t h 0  t o  1000 lbrr p res su re  sens ing  head. This i s  
a h igh ly  s e n s i t i v e  diaphram type  d i f f e r e n t i a l  p re s su re  gauge which 
senses  t h e  diaphram displacement by means of a d i f f e r e n t i a l  capaci-  
t ance  A C br idge  c i r c u i t .  The p res su re  i s  read  from four  p re s su re  
readout d i a l s  which swi t ch  vo l t ages  t o  cause t h e  br idge  t o  become 
balanced. During t h e s e  tests t h e  "referenCe" s i d e  of t h e  p re s su re  
gauge was maintained a t  a p re s su re  of less than loe3 Torr.  
r e f e rence  p res su re  was monitored by a NRC Thermocouple gauge. 
This 
The 
Baratron p res su re  gauge can be seen  i n  F igu re  1. 
The Bara t ron  was i n i t i a l l y  c a l i b r a t e d  by means of an a i r  dead 
weight tester of very  h igh  r e p e a t i b i l i t y .  The c a l i b r a t i o n  was 
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checked us ing  a Pye S c i e n t i f i c  Instruments p r e c i s i o n  cathatometer 
t o  measure t h e  he igh t  of t h e  columns of e i t h e r  a bu ty l  ph tha la t e  
or mercury manometer (depending on t h e  p r e s s u r e ) .  The c a l i b r a -  
t i o n  us ing  the  a i r  dead weight tester i s  shown i n  Table 11. 
TABLE I1 
BARATRON S/N1187 
CALIBRATION DATA 
PRESSURE DECADE ERROR 
3 . 4  Gas handling system 
The system f o r  handling t h e  sample gases cons i s t ed  of con- 
ven t iona l  r e g u l a t o r s ,  va lves ,  tub ing  and pumps. S ince  it was d e s i r -  
a b l e  t o  reduce t h e  u n c e r t a i n t y  i n  t h e  sample composition t o  a mini- 
mum, t h e  fo l lowing  s t e p s  were taken: 
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1. A l l  tub ing  c a r r y i n g  t h e  sample gases  was of s t a i n l e s s  
steel .  
2 .  Needle va lves  c o n t r o l l i n g  gas flow i n t o  t h e  cel ls  and 
t h e  b a l l  va lves  c o n t r o l l i n g  t h e  pumping of t h e  c e l l s  were 
mounted d i r e c t l y  t o  t h e  ce l l  body. 
3 .  Prov i s ion  f o r  pumping a l l  i n t e rconnec t ing  supply tub ing  
was a r ranged .  
4. P res su re  gaugevolume and volume of connecting tub ing  
was minimized. ( I n  t h e  worst  ca se  t h e  tub ing  and gauge 
volume equa l l ed  t h r e e  percent  of t h e  ce l l  volume.) 
I n  us ing  t h i s  system t h e  feed  l i n e s  were pumped between sample 
changes and r e f i l l e d  w i t h  pure gas a t  a p re s su re  greater than ce l l  
p re s su re .  Needle va lves  were opened f o r  a minimum t i m e  dur ing  
f i l l i n g  t o  i n s u r e  a g a i n s t  back flow. The sample was then allowed 
t o  mix u n t i l  t h e  spectrum reached equ i l ib r im.  
3.5 Gas ce l l s  
Seve ra l  gas cel ls  of d i f f e r e n t  lengths  were used dur ing  t h e  
course  of t h e s e  tests.  The two s h o r t e r  c e l l s  were designed and 
b u i l t  a t  t h e  Un ive r s i ty  of Michigan wh i l e  t h e  longer cel ls  were 
commercial u n i t s .  
The s h o r t  cel ls  ( 2 . 0 2 ,  8.74cm) were simple c y l i n d e r s  w i t h  
p rov i s ion  f o r  clamping t h e  potassium bromide windows between O-rings 
a t  each end of t h e  ce l l .  A ske tch  of t h e s e  cel ls  is  shown i n  
F igure  6 .  I n i t i a l l y  t h e s e  cells  w e r e  made of ba re  6061-T6 aluminum. 
It was found,, however, t h a t  t h i s  m a t e r i a l  would adsorb  carbon d ioxide  
f o r  per iods  exceeding one ha l f  hour a f t e r  f i l l i n g .  (This was a sce r -  
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t a i n e d  by f i l l i n g  t h e  ce l l  w i t h  GO2 and s e a l i n g  i t .  Spec t ra  w e r e  
then run a t  r egu la r  i n t e r v a l s  u n t i l  no f u r t h e r  change was noted . )  
It was a l s o  found t h a t  C02 deso rp t ion  would cont inue  f o r  pe r iods  
of t h e  order  of s e v e r a l  hours a f t e r  t h e  cel ls  were emptied of GO2 
and f i l l e d  w i t h  n i t r o g e n ,  (This was aga in  a s c e r t a i n e d  by running 
s p e c t r a  a t  r e g u l a r  i n t e r v a l s  u n t i l  equ i l ib r ium was reached.)  
A f t e r  t h e  ce l l s  were anodized it was found that  t h e  t i m e  t o  reach  
equi l ibr ium dur ing  t h e  adso rp t ion  process had been reduced t o  a 
few minutes,  but t h a t  t h e  t i m e  t o  reach  equ i l ib r ium dur ing  t h e  
desorp t ion  process  remained approximately t h e  same a s  it had been 
f o r  t h e  bare  meta l ,  The amount of gas desorbed appeared t o  be 
approximately t h e  same f o r  an anodized c e l l  a s  i t  had been f o r  t h e  
same c e l l  when bare.  I n  view of t h e  u n c e r t a i n t i e s  t h a t  t h e  adsorp- 
t i o n  and desorp t ion  would in t roduce  i n  t h e  composition of t h e  gas 
sample, i t  was decided t h a t  another  set  of ce l l s  would be con- 
s t r u c t e d  of type 304 s t a i n l e s s  s t e e l .  When t h e s e  s t a i n l e s s  steel 
cel ls  were t e s t e d  i n  a manner s i m i l a r  t o  t h a t  used f o r  t h e  aluminum 
ce l l s ,  no deso rp t ion  of GO2 could be d e t e c t e d  un le s s  t h e  c e l l  was 
heated. S ince  a l l  tes ts  were conducted a t  room tempera ture ,  i t  
was f e l t  t ha t  t h e  e f f e c t  of deso rp t ion  of carbon d iox ide  on sample 
composition could be neglec ted  f o r  tests us ing  t h e s e  cel ls .  A s  
a r e s u l t  of t h e s e  tes ts ,  t h e  s t a i n l e s s  steel c e l l s  were used f o r  
a l l  measurements involv ing  ce l l s  of s h o r t  l ength .  
The longer ce l l s  were cons t ruc ted  of anodized aluminum by 
t h e  Perk in  E lmer  co rpora t ion  and were m u l t i p l e  pass  cel ls .  
meter c e l l s  were f i x e d  l eng th  f o u r  pass  cel ls  wh i l e  t h e  White-type 
The one 
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long pa th  ce l l s  w e r e  a d j u s t a b l e  i n  s t e p s  of four  meters from f o u r  
meters t o  f o r t y  meters, To speed t h e  mixing of t h e  gas mixtures 
a sma l l ,  e x t e r n a l l y  powered f a n  was i n s t a l l e d  i n  the  long pa th  
sample c e l l .  
Because of t h e  problem of carbon d ioxide  desorp t ion  i n  t h e  
smal le r  c e l l s  d i scussed  above, tes ts ,  s i m i l a r  t o  those prev ious ly  
descr ibed ,  were performed on t h e  longer cel ls .  On t h e  b a s i s  o f  
t h e s e  tests it  was decided t h a t  t h e  C02 p a r t i a l  p re s su re  of a l l  
sample gas mixtures would need t o  be g r e a t e r  than t e n  t o r r  
if t h e  u n c e r t a i n t y  i n  t h e  sample composition were t o  be less than 
1%. This  cond i t ion  was m e t  i n  a l l  subsequent measurements. A 
photograph of t h e  long p a t h  c e l l s  i n s t a l l e d  on t h e  instrument is 
shown i n  F igure  1. 
CHAPTER 4 
SPECTRA ANI) MEASURED EQUIVALENT WIDTHS 
4.1 In t roduc t ion  
A s  a check on instrument and da ta  process ing  system ope ra t ion ,  
i t  was f e l t  t h a t  it would be va luab le  t o  compare a few pure carbon 
d ioxide  and n i t r o g e n  broadened carbon d ioxide  s p e c t r a  w i t h  previous 
experimental  work and w i t h  t h e  p r e d i c t i o n  of t h e  a n a l y t i c a l  model 
of Drayson and Young (Drayson and Young, 1966 ; Drayson -- e t  a l . , 
1968). Spec t r a  w e r e  t aken  a t  two d i f f e r e n t  p a t h  l eng ths ,  s eve ra l  
p re s su res ,  and s e v e r a l  carbon dioxide-to-nitrogen r a t i o s .  The 
test  cond i t ions  were chosen t o  correspond t o  t h e  experimental  work 
of Burch e t .  a l . ,  (1962) and t o  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  pre- 
v ious ly  r epor t ed  by Drayson and Young (Drayson, -- e t  a l . ,  1968) 
- -
4 . 2  Experimental Procedure 
The d a t a  were obta ined  us ing  t h e  complete ins t rumenta t ion  
system descr ibed  i n  Chapter 3. The Perkin-Elmer Corpora t ion  long 
pa th  ce l l s  were used a t  pa th  lengths  of 400 cm and 3,200 cm, w i t h  
t h e  p a t h  l e n g t h  of t h e  r e fe rence  ce l l  matching t h e  pa th  l eng th  of 
t h e  sample cel l .  The p r e s s u r e  i n  t h e  r e fe rence  c e l l  (measured by 
a thermocouple gag4 was maintained a t  less than Torr.  The 
o p t i c a l  pa th  o u t s i d e  t h e  cel ls  was purged w i t h  n i t r o g e n  du r ing  a l l  
tests. 
The s p e c t r a  were obta ined  us ing  t h e  s tandard  tes t  procedure 
ou t  1 ined be l  ow. 
1. Evacuate t h e  sample c e l l .  
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2 .  S e t  t h e  spectrophotometer wavelength t o  16 p m .  
3.  Block t h e  sample beam, 
4. Set t h e  vo l t age  c o n t r o l l e d  o s c i l l a t o r  t o  t h e  band-edge 
( a s  measured by Hewlett-Packard d i g i t a l  counter ) .  
5.  Open t h e  sample beam, 
6 .  S e t  t h e  v o l t a g e  c o n t r o l l e d  o s c i l l a t o r  t o  t h e  oppos i t e  
band-edge. 
7 .  S e t  t h e  spectrophotometer wavelength t o  t h e  beginning 
of t h e  spectrum. 
8. F i l l  t h e  sample ce l l  w i t h  gas t o  t h e  d e s i r e d  pressure. 
9. Operate t h e  mixing f an .  
10. Switch t h e  spectrophotometer ou t  of t h e  d a t a  process ing  
system and swi tch  t h e  c a l i b r a t e  box i n t o  t h e  system. 
11. Switch t h e  c a l i b r a t i o n  v o l t a g e s  through t h e  system t o  
t h e  computer. 
12. Switch t h e  c a l i b r a t e  box out  of t h e  system and swi tch  
t h e  spectrophotometer i n t o  t h e  system. 
13.  Begin t h e  scan. 
14. Upon scan  completion, aga in  swi t ch  t h e  c a l i b r a t i o n  
vo l t ages  t o  t h e  computer, 
S t eps  one through s i x  of t h e  above procedure were performed a t  t h e  
beginning of each  da ta - t ak ing  se s s ion .  The goa l  of t h i s  p a r t  of 
t h e  procedure was t o  in su re  t h a t  t h e  range of t h e  s i x  c a l i b r a t i o n  
vo l t ages  was the  same a s  t h e  range of t h e  instrument output  vo l -  
t ages .  S t eps  seven through fou r t een  of t h e  above procedure were 
performed i n  conjunct ion  w i t h  each s p e c t r a l  scan .  
During each scan the  gas supply plumbing was evacuated. I f  
t h e  gas t o  be added t o  t he  c e l l  were d i f f e r e n t  from t h e  gas l a s t  
added t o  t h e  ce l l ,  the supply  plumbing was purged w i t h  the  new 
gas a t  l e a s t  twice dur ing  t h i s  evacuat ion  process .  
As is  noted i n  s t e p  n i n e ,  mixing of t h e  gas i n  t h e  sample 
ce l l  was insured  by s t i r r i n g  t h e  gases w i t h  a small  f a n  mounted 
i n  t h e  sample ce l l .  This was operated for  t h r e e  per iods  of 
approximately 10 seconds each, w i t h  a w a i t i n g  per iod  between mix- 
ing  of approximately 15 seconds. It had previous ly  been found by 
running success ive  s p e c t r a  t h a t  t h i s  mixing procedure would cause 
complete mixing. 
4.3 Data Process ing  
Since  t h e  da t a  existed i n  t h e  form of a v o l t a g e  analog of 
t h e  t r a n s m i s s i v i t y  and an e l e c t r i c a l  pu l se  a t  0.02 p m  wavelength 
i n t e r v a l s ,  s e v e r a l  ope ra t ions  w e r e  necessary  t o  o b t a i n  f i n a l  t r a n s -  
m i s s i v i t y  and equ iva len t  w id th  da ta .  
used was a s  fo l lows  
The step-by-step procedure 
1. The c a l i b r a t i o n  vo l t ages  were sampled by t h e  analog-to- 
d i g i t a l  conver te r  a t  t h e  beginning of each  run. S ix t een  samples 
of each  v o l t a g e  were taken  a t  10-millisecond i n t e r v a l s .  The 16 
samples f o r  each  v o l t a g e  w e r e  averaged and t h i s  average va lue  was 
s t o r e d .  
2 .  During t h e  s p e c t r a l  s can ,  t h e  vo l t age  ana log  of t h e  
t r a n s m i s s i v i t y  was sampled whenever commanded by t h e  wavelength 
vo l t age  pulse .  Upon being commanded, 16 samples (aga in  a t  10- 
mi l l i s econd  i n t e r v a l s )  were taken  of t h e  t r a n s m i s s i v i t y  d a t a .  
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These 16 samples w e r e  averaged and t h e  average va lue  s t o r e d .  A t  
t h e  scanning speed used, vo l t age  p u l s e s  occurred approximately once 
every 2 seconds, A s  t h e  t r a n s m i s s i v i t y  vo l t age  was sampled, t h e  
averaged sampled va lue  was typed out  on t h e  t e l e p r i n t e r  and punched 
on paper t ape .  
3 .  A t  t h e  t e rmina t ion  of t he  scan ,  t h e  c a l i b r a t i o n  vo l t ages  
w e r e  aga in  sampled. (Following t h e  same procedure followed i n  
s t e p  1).  
4. The corresponding "before run" and " a f t e r  run" c a l i b r a -  
t i o n  vo l t age  samples were averaged and these  averaged c a l i b r a t i o n  
vo l t ages  were s t o r e d .  The "before run" samples, t h e  ' ? a f t e r  run" 
samples, t h e  average of t h e  "before run" and " a f t e r  run" samples, 
and t h e  d i f f e r e n c e  between o v e r a l l  averaged va lues  of succeeding 
vo l t age  s t e p s  were then  p r i n t e d  out i n  o c t a l  form and were punched 
on paper t ape .  The paper t ape  con ta in ing  t h e s e  q u a n t i t i e s ,  a long  
wi th  t h e  t r a n s m i s s i v i t y  vo l t age  samples c o n s t i t u t e d  the  permanent 
record  of t h e  raw da ta  f o r  t h a t  run. This completed the  da t a  
sampling p o r t i o n  of t h e  da ta  process ing .  A f t e r  t h e  da ta  f o r  a 
p a r t i c u l a r  run had been obta ined  and s t o r e d  a s  o u t l i n e d  above, 
they  w e r e  processed i n t o  " f i n a l "  t r a n s m i s s i v i t y  d a t a  and t h e  
equ iva len t  wid th  c a l c u l a t e d .  The s t e p s  necessary  t o  achieve t h i s  
can be s t a t e d  q u i t e  b r i e f l y .  
1. Determine t h e  ind ica t ed  t r a n s m i s s i v i t y  of t h e  gas- 
sample c e l l  combination from t h e  da ta  and c a l i b r a t i o n s .  
2 .  Cor rec t  f o r  t h e  t r a n s m i s s i v i t y  of t h e  sample c e l l .  
3. Compute t h e  equ iva len t  width.  
The d e t a i l e d  s o l u t i o n  of t h e  t h r e e  p a r t s  of t h e  above problem was 
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accomplished i n  t h e  fo l lowing  way: 
1. The computer was programmed t o  compare each s t o r e d  vol- 
t age  sample w i t h  t h e  s i x  double averaged c a l i b r a t i o n  vo l t age  sam- 
p l e s  and determine which ad jacen t  p a i r  of c a l i b r a t i o n  samples 
bracketed t h e  t r a n s m i s s i v i t y  sample. The computer then performed 
a l i n e a r  i n t e r p o l a t i o n  between t h e  c a l i b r a t i o n  samples t o  determine 
t h e  ind ica t ed  t r a n s m i s s i v i t y  t h a t  corresponded t o  t h e  s t o r e d  vol -  
t age  sample. 
2.  The c o r r e c t i o n  f o r  c e l l  t r a n s m i s s i v i t y  is made by so lv ing  
t h e  equat ion  
(4 .3 .1)  
where T i s  t h e  t r a n s m i s s i v i t y  of t h e  sample gas 
gas 
Tind i s  t h e  instrument output  
Tcell  i s  t h e  measured t r a n s m i s s i v i t y  of t h e  sample ce l l  r e l a -  
t i v e  t o  t h e  t r a n s m i s s i v i t y  of t h e  p a r t i c u l a r  r e fe rence  c e l l  i n  
p l ace  a t  t h e  t i m e .  Tcell would be more p r e c i s e l y  def ined  a s  
- TsamDle ce l l  
Tcell  - 
Tre fe rence  ce l l  
(4.3.2) 
Tcell was s t o r e d  a s  a t a b l e  i n  t h e  computer. 
by measuring t h e  t r a n s m i s s i v i t y  of t h e  sample c e l l  whi le  evacuated 
and s t o r i n g  t h e  i n d i c a t e d  t r a n s m i s s i v i t i e s  i n  t h e  Tcell t a b l e .  
After d i v i d i n g  t h e  ind ica t ed  t r a n s m i s s i v i t y  by t h e  c e l l  t r a n s -  
This  t a b l e  was loaded 
m i s s i v i t y ,  t h e  computer s t o r e d  t h e  computed gas t r a n s m i s s i v i t i e s .  
Before c a l c u l a t i n g  t h e  equ iva len t  width of t h e  spectrum 3 .  
i n  u n i t s  of c m - l  ( t h e  s tandard  u n i t  of measure of equ iva len t  width) 
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i t  i s  necessary  t h a t  t h e  abso lu te  va lue  of t h e  wavelength of each 
t r a n s m i s s i v i t y  sample be determined. A t  t h i s  p o i n t ,  we  know only 
t h a t  they a r e  spaced a t  0.02 p m  i n t e r v a l s .  The wavelength of t h e  
da ta  po in t s  was e s t a b l i s h e d  by in spec t ing  t h e  t r a n s m i s s i v i t y  
va lues  of a C02 spectrum having a maximum abso rp t ion  of appromi- 
mately 0.25. 
t h e  band c e n t e r  was examined and t h e  da t a  po in t  having t h e  m i n i m u m  
t r a n s m i s s i v i t y  va lue  was ass igned  t h e  wavelength of 14.99 p m .  It 
was found t h a t  t h e  wavelength c a l i b r a t i o n  of t h e  system was very  
s t a b l e ,  no t  vary ing  bv more than 4-0.01 p m  over 8 hours.  
The sha rp  abso rp t ion  band ( t h e  main Q branch) near  
- 
A f t e r  t h e  v>,Jelength of t h e  t r a n s m i s s i v i t y  samples had been 
e s t a b l i s h e d ,  t h e  computer c a l c u l a t e d  t h e  i n t e g r a l  of t h e  t r a n s -  
m i s s i v i t y  v s .  wavenumber spectrum i n  u n i t s  of cm- . This was per- 
formed us ing  a t r a p e z o i d a l  r u l e  i n t e g r a t i o n  scheme. The wave 
number increments between samples had been c a l c u l a t e d  and s t o r e d  
i n  t h e  computer i n  t a b u l a r  form. Upon completion of t h e  compu- 
t a t i o n s ,  t h e  wavelength and t r a n s m i s s i v i t y  of each  sample and t h e  
va lue  of t h e  i n t e g r a l  of t r a n s m i s s i v i t y  over t h e  wave number range 
of t h e  spectrum w e r e  p r i n t e d  ou t .  This completed t h e  process ing  
of t h e  da t a  by t h e  da t a  process ing  system. 
1 
It would seem t h a t  t h i s  should complete t h e  process ing  of 
t h e  d a t a .  (Except f o r  s u b t r a c t i n g  t h e  computed t r a n s m i s s i v i t y  
i n t e g r a l  from t h e  q u a n t i t y  ( Vmax - Ymin) t o  determine the  
equ iva len t  wid th  of t h e  spectrum). Unfor tuna te ly ,  t h i s  was no t  
found t o  be t h e  c a s e ;  t h e  system disp layed  two e f f e c t s  f o r  which 
f u r t h e r  c o r r e c t i o n  of t h e  da t a  was r equ i r ed ,  These\were s c a l e  
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f a c t o r  change and ze ro  s h i f t s .  It could be seen by examination of 
the  instrument s t r i p  c h a r t  record t h a t  t he  s c a l e  f a c t o r  change was 
occurr ing i n  t h e  instrument  i t s e l f .  The s c a l e  f a c t o r  v a r i a t i o n  
from run t o  run was smal l ,  approximately 0.5%, and apparent ly  
random, Examination of both the  instrument s t r i p  c h a r t  record 
and t h e  computer output  of spec t ra  t h a t  were opaque over some 
region near  t h e  band c e n t e r  i nd ica t ed  t h a t  t he  zero  s h i f t  was a 
combination of apparent ly  random instrument s h i f t s ,  approximately 
0.2%, and a slow d r i f t  i n  t h e  instrumentat ion system occurr ing a s  
a r e s u l t  of a change i n  t h e  output  vo l tage  of a b i a s  b a t t e r y .  It 
appeared t h a t  t he  b a t t e r y  vo l t age  d r i f t e d  r a t h e r  r a p i d l y  i n i t i a l l y  
(for the  f i r s t  half hour a f t e r  turn-on) then very  s lowly f o r  t h e  
remainder of t h e  day. The o f f s e t  i n  t he  da t a  a s  a r e s u l t  of both 
effects was gene ra l ly  less than 1 percent .  
The c o r r e c t i o n s  f o r  t h e  two above e f f e c t s  were appl ied  a s  
fol lows:  
1. From each t r a n s m i s s i v i t y  value was sub t r ac t ed  the  signed 
average of the  instrument output  f o r  50 da ta  po in t s  i n  a region 
where the  t r a n s m i s s i v i t y  value was known t o  be zero .  ( I f  no such 
po in t s  e x i s t e d  f o r  a p a r t i c u l a r  spectrum, another  spectrum contain-  
ing such po in t s  was run immediately foflowing t h e  running of t he  
spectrum t o  be co r rec t ed ) .  
2 .  The t r a n s m i s s i v i t i e s  f o r  t h e  f i r s t  10 po in t s  and t h e  l a s t  
10 po in t s  of t h e  spectrum were averaged ( t h e  spec t rum was always 
s t a r t e d  and ended o u t s i d e  t h e  15 p m  band), and a l l  t r a n s m i s s i v i t i e s  
( a f t e r  t he  above ze ro  s h i f t  c o r r e c t i o n  was app l i ed )  were d iv ided  
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by t h i s  average va lue .  
To c o r r e c t  t h e  computer-calculated t r a n s m i s s i v i t y  i n t e g r a l ,  
t h e  product of t h e  signed z e r o  o f f s e t  and t h e  i n t e r v a l  of t h e  
) was s u b t r a c t e d  from t h e  ( 'max 'min c a l c u l a t i o n ,  i . e . ,  Zof f  
computer ou tput .  This result  was then d iv ided  by t h e  s c a l e  f a c t o r  
of t h e  spectrum ( t h e  averaged va lue  of t h e  f i r s t  10 and t h e  l a s t  
10 d a t a  p o i n t s ) ,  S ince  t h i s  represented  t h e  l a s t  c o r r e c t i o n  t o  
t h e  d a t a ,  t h e  computed va lue  of t h e  t r a n s m i s s i v i t y  i n t e g r a l  was 
sub t r ac t ed  from t h e  i n t e r v a l  over which t h e  spectrum was measured 
and t h e  equ iva len t  wid th  determined, i . e . ,  
'ma x 'max 'ma x 'max 
A = A,du =/ (1 - Tv)du = 1 dv - 
'm i n  "m i n  'm i n  'rn i n  
Tvdp 
( 4 . 3 . 3 )  
4.4 Data Accuracy 
The accuracy of t h e  da t a  i s  inf luenced  by e r r o r s  from many 
sources.  Some of t h e  e r r o r  sources  a r e :  
1. E r r o r s  i n  t h e  knowledge of sample c h a r a c t e r i s t i c s ;  pre- 
s u r e ,  temperature,  composition, and pa th  l eng th  
2 .  Instrument e r r o r s ;  s c a l e  f a c t o r  changes, n o n l i n e a r i t y ,  
ze ro  s h i f t ,  and wavelength c a l i b r a t i o n  
3 .  E r r o r s  i n  t h e  d a t a  t ransmiss ion  system; n o n l i n e a r i t y ,  
z e r o  s h i f t ,  s c a l e  f a c t o r  changes, and d i g i t i z i n g  e r r o r s  
4. Data process ing  e r r o r s ;  round o f f  and i n t e g r a t i o n  e r r o r s .  
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I f  t h e s e  e r r o r s  a r e  viewed a s  being random wi th  r e s p e c t  t o  each  
o t h e r  (a l though they  may be sys t ema t i c  i n  t h e  sense  t h a t  t hey  w i l l  
occur r epea ted ly  under t h e  same test  cond i t ions )  t hey  can be 
combined t o  ob ta in  t h e  s t anda rd  d e v i a t i o n  of t h e  t o t a l  e r r o r .  
This was done us ing  t h e  c a l i b r a t i o n  curves f o r  t h e  var ious  i n s t r u -  
ment parameters wherever a v a i l a b l e ,  da t a  from o t h e r  sources  (pre- 
vious c a l i b r a t i o n s  of t h e  d a t a  system on t h e  bus,  f o r  example) and, 
where a l l  else f a i l e d ,  educated guesses. It appears  from t h i s  
a n a l y s i s  t h a t  t h e  t r a n s m i s s i v i t y  d a t a  have a l o  e r r o r  of approxi- 
mately 1 percent  whi le  t h e  equ iva len t  wid th  d a t a  have a l o  e r r o r  
of approximately 3 percen t  a t  A = 30 c m - l  dec reas ing  t o  approxi- 
mately 1 .5  percent  a t  A = 100 cm' . 1 
4.5 Resu l t s  
The test  c o n d i t i o n s ,  t h e  measured equ iva len t  wid ths  and t h e  
equ iva len t  widths measured by Burch, e t  a l . ,  (1962) and c a l c u l a t e d  
by Drayson,et  a l . ,  (1968) f o r  s i m i l a r  tes t  cond i t ions  a r e  shown i n  
t a b l e  111. The t h e o r e t i c a l  c a l c u l a t i o n s  used a mixed Doppler- 
Lorentz l i n e  shape w i t h  v a r i a b l e  l i n e  ha l f  width.  This model i s  
-- 
-- 
discussed  i n  d e t a i l  i n  Drayson and Young, (1966), and Drayson, 
e t  a l . ,  (1968). It can be seen t h a t  t h e  agreement between our 
equ iva len t  wid th  d a t a  and t h e  da t a  of Burch, e t  a 1  i s  very  good, 
d i sag ree ing  a t  most by 4 percent .  S ince  t h e  accuracy  claimed by 
Burch, e t  a l . ,  f o r  t h e i r  da t a  i s  only  +5 percen t ,  and s i n c e  o u r  
da ta  are es t imated  t o  have a I u e r r o r  of 3 percent  bo th  sets  of 
da t a  a r e  e s s e n t i a l l y  i n  agreement. The agreement between our 
experimental  d a t a  and t h e  p r e d i c t i o n s  of t h e  model of Drayson and 
-- 
I -  
-- - 
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TABLE I11 
COMPARISON OF MEASURED 
AND CALCULATED EQUIVALENT WIDTHS 
- 
A (a) (Bur& et a~ 
pN2 This  [Drayson et 1.963r- 
1 W T 
pco 2 
(Torr) (em) (atm cm) (Torr) (oc) Work aL1968) - 
12 400 6.32 0 25 35.8 33.3 34.6 
12 400 6.32 751.4 25 95.8 97. 95.3 
24 400 12.63 0 25 59.3 N.A. 58.3 
24 400 12.63 736, 25 113. 115.7 113. 
100 400 52.63 0 25 122. N.A. 121. 
100 400 52.63 0 25 122. N.A. 121. 
25 3,200 105.26 0 25 114. N.A. 110. 
25 3,200 105.26 771.3 25 164. 174.2 164. 
50 3,200 210.53 0 25 144. 143.6 143. 
50 3,200 210.53 689.2 25 179. 194.7 183. 
Note: The two values at 1 = 400 em, Pco = lOOTorr are for two 
2 
different samples. 
N.A. Theoretical equivalent widths not available. 
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Young a r e  w i t h i n  t h e  experimental  accuracy except  f o r  cond i t ions  
of r e l a t i v e l y  low amounts of carbon d ioxide  when broadened by 
approximately one atmosphere of n i t r o g e n  a t  long pa th  lengths .  
Under t h e s e  cond i t ions ,  t h e  model p r e d i c t s  an equ iva len t  wid th  
approximately 6 t o  8 percent  h igher  t han  was measured. 
I n  F igu re  7 a r e  shown t h r e e  s p e c t r a  s e l e c t e d  from those  
summarized in  t a b l e  111, It can be seen t h a t  t h e  agreement between 
t h e  two sets of experimental  da t a  is good when one a l lows  f o r  t h e  
somewhat h igher  r e s o l u t i o n  of t h i s  work a s  compared t o  t h e  work 
of Burch. The comparison w i t h  t h e  t h e o r e t i c a l  model is a l s o  good 
(wi th in  t h e  experimental  e r r o r  f o r  t h e  two s p e c t r a  (Figure 7 (a )  
and 7(b)) f o r  pure GO2 samples . The agreement between t h e  expe r i -  
mental spectrum and t h e  t h e o r e t i c a l  c a l c u l a t i o n s  d e t e r i o r a t e s  f o r  
carbon d ioxide  broadened by a r e l a t i v e l y  l a r g e  amount of n i t rogen  
(Figure 7 (c)) .  The disagreement i s  p a r t i c u l a r l y  pronounced i n  
1 t h e  reg ions  from 595 t o  615 cm- , from 710 t o  740 c m - l  and als-e 
i n  t h e  wings of t h e  band. The disagreement between t h e  model and 
experiment under t h e s e  cond i t ions  has been noted previous ly  (Drayson 
e t  a l . ,  1968). It might be p o s s i b l e  t h a t  t h e  s t r e n g t h  of some of 
t h e  bands may have been i n c o r r e c t l y  es t imated .  This  seems a par -  
t i c u l a r l y  appea l ing  p o s s i b i l i t y  i n  t h e  reg ions  from 595 t o  615 em-' 
and from 710 t o  740 cm-'. 
t r a n s m i s s i v i t y  i n  t h e  wing reg ion  of t h e  band might be due t o  a 
change i n  l i n e  shape s i n c e  i n  t h i s  spectrum t h e  abso rp t ion  l i n e s  
are broadened a s  a r e s u l t  of carbon d ioxide-n i t rogen  c o l l i s i o n s  
r a t h e r  than  a s  a resu l t  of carbon dioxide-carbon d ioxide  c o l l i s i o n s  
-- 
The discrepancy between t h e  p red ic t ed  
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a s  i n  t h e  two p rev ious ly  d iscussed  s p e c t r a .  This p o s s i b i l i t v  w i l l  
be d iscussed  l a t e r  i n  t h i s  r e p o r t  i n  connection w i t h  o t h e r  da ta  
t h a t  w i l l  be presented .  The d a t a  presented  here  a r e  n e i t h e r  of 
t h e  proper type  nor  of s u f f i c i e n t  q u a n t i t y  t o  draw any d e f i n i t e  
conclusions concerning t h e  d i f f i c u l t i e s  of t h e  t h e o r e t i c a l  c a l -  
cu la  t i o n s ,  
It would appear t hen  from t h e  above da ta  that  t h e  instrument 
and d a t a  process ing  system and t h e  methods of process ing  t h e  da ta  
a r e  capable of producing s p e c t r a  and equ iva len t  wid th  da t a  t h a t  
a r e  i n  agreement w i t h  t h e  work of o t h e r s .  
CHAPTER 5 
BAND-AVERAGED BROADENING COEFFICIENT FOR C 0 2  
5 . 1  Experimental Method 
The self-broadening c o e f f i c i e n t ,  B ,  f o r  carbon d ioxide  r e l a t i v e  
t o  n i t rogen  has prev ious ly  been determined by e s t ima t ion  from curves 
of B ( V ) vs .V  i n  t h e  15 gm band (Burch, e t  a l . ,  1962),  by measuring 
t h e  broadening of i nd iv idua l  absorp t ion  l i n e s  i n  t h e  10.6 C(m-band 
-- 
using a l a s e r  source ( P a t t y ,  -- e t  a l . ,  1968) and by a method using 
c e l l s  of d i f f e r e n t  lengths  i n  the  4.6 gm-band (Anderson, e t  a l . ,  
(1967). In  gene ra l ,  t h e  va lues  obtained f o r  t h e  d i f f e r e n t  methods 
I -  
have been c o n s i s t e n t l y  equal  t o  approximately 1 .3 .  
claimed range from kO.03 i n  t h e  work of Anderson, e t  -- a l . ,  (1967) t o  
20.08 i n  t h e  case  of Burch, e t  a l . ,  (1962). 
Unce r t a in t i e s  
In  t h i s  s tudy ,  a band-averaged va lue  of B has been determined 
a t  one o p t i c a l  mass us ing  t h e  t h i r d  method mentioned above. The 
method c o n s i s t s  e s s e n t i a l l y  of comparing the  amount of r a d i a t i o n  
absorbed by an equal  amount of carbon dioxide whi le  being broadened 
by both n i t rogen  and carbon dioxide i n  one case  and carbon d ioxide  
a lone  i n  another  case ,  For t h e  measurement of t h e  e f f e c t  of carbon 
dioxide-carbon d ioxide  broadening, one f i l l s  a ce l l  ( h e r e a f t e r  c a l l e d  
the  s h o r t  c e l l )  w i t h  carbon d ioxide  a t  some p a r t i a l  p re s su re  P 
and measures t h e  equiva len t  width of t h e  spectrum obtained.  The 
e f f e c t i v e  pressure  i n  t h i s  ce l l  i s  P 
S 
c02 
S S 
e = B avgP C02 .  To examine the  
e f fec t  of carbon dioxide-ni t rogen broadening, one f i l l s  a longer  
c e l l  w i th  t h e  same o p t i c a l  mask of carbon d ioxide  a s  WAS contained i n  
t h e  s h o r t  cel l .  The p a r t i a l  p ressure  i n  t h i s  c e l l  i s  PL . 
co2 
5 3  
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Nitrogen is  now added t o  t h i s  ce l l .  The e f f e c t i v e  p re s su re  i n  
t h i s  ce l l  i s  Pe= BavgPtO f PN2. The n i t rogen  p a r t i a l  pressure is 
2 
increased  i n  s t e p s  and t h e  equ iva len t  wid th  determined a t  each  s t e p .  
A p l o t  of equ iva len t  width ve r sus  t o t a l  p re s su re  i s  then  made. A t  
t h a t  n i t rogen  p res su re  a t  which t h e  equ iva len t  wid th  of t h e  spectrum 
of t h e  carbon d ioxide  - n i t r o g e n  mixture i s  equal  t o  t h e  equ iva len t  
wid th  of t h e  spectrum of pure carbon d ioxide ,  t h e  equ iva len t  pres -  
sure i n  t h e  two ce l l s  a r e  equal  ( t h i s  fo l lows  from Eq. (2.4.3) and 
t h e  assumption t h a t  equal  equ iva len t  widths impl ies  equal l i n e  wid ths)  
and one can w r i t e  t h e  equat ion  
Ps Bavg co = B PL -I- pN2 - Pe avg C 0 2  2 
(5.1.1) 
where Ps = carbon d iox ide  p re s su re  i n  t h e  s h o r t  c e l l  
c02 
PL I: carbon d ioxide  p a r t i a l  p re s su re  i n  t h e  long c e l l  
c02 
P = n i t r o g e n  p a r t i a l  p re s su re  in t h e  long c e l l  
N2 
or so lv ing  f o r  B 
avg 
P 
2 
N 
- P  
- B - 
avg ps L 
c02 c02 
(5.1.2) 
Using t h i s  equat ion  one can then  determine B 
d ioxide  p re s su res  i n  t h e  two c e l l s  and t h e  n i t rogen  p res su re  neces- 
i f  t h e  carbon 
avg 
s a r y  t o  cause t h e  same t o t a l  abso rp t ion  i n  t h e  two cells a r e  known. 
5.2 Ins t rumenta t ion  and Data Process ing  
The ins t rumenta t ion  used f o r  t h e  measurements was t h e  complete 
system descr ibed  i n  Chapter 3 .  The methods used f o r  ob ta in ing  and 
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process ing  t h e  da ta  were descr ibed  i n  4 .2  and 4.3. 
5.3 T e s t  Condi t ions  
The Perk in-E l m e  r 
c e l l )  and a t  1,600 c m  
p re s su re  was 100 Torr 
long pa th  ce l l s  were set a t  400 c m  ( t h e  "short" 
( t h e  " l o n g  c e l l ) .  The carbon d ioxide  p a r t i a l  
i n  t h e  s h o r t  ce l l  and 25 Torr  i n  t h e  long 
ce l l .  The n i t rogen  p a r t i a l  p re s su re  was v a r i e d  from ze ro  t o  412 
Torr.  A summary of t h e  test  cond i t ions  i s  presented  i n  Table I V .  
5 .4  Resu l t s  
The measured equ iva len t  widths f o r  t h e  va r ious  samples a r e  
l i s t e d  i n  Table I V .  F igure  8 is a p l o t  of measured equ iva len t  
width versus  t o t a l  pressure i n  t h e  1,600 c m  ce l l  ( t h e  "long" c e l l ) ,  
Taking 121.85 a s  t h e  average va lue  of t h e  equ iva len t  wid th  d e t e r -  
mined f o r  t h e  two 100 Torr pure carbon d ioxide  samples i n  t h e  400 cm 
c e l l ,  it is  found t h a t  t h i s  va lue  of equ iva len t  wid th  would be 
achieved a t  a n i t rogen  p a r t i a l  p re s su re  of 98 Torr i n  t h e  long ce l l .  
S u b s t i t u t i n g  t h i s  va lue  and t h e  appropr i a t e  va lues  f o r  t h e  carbon 
d ioxide  p a r t i a l  p re s su res  i n  equat ion  ( 5 , 1 , 2 ) ,  w e  f i n d  t h a t  t h e  
va lue  of B avg i s  
n 
= = 1.30 - =N, - 
100 - 25 B avg s L 
pco2 - pco2 
5.5 Accuracy 
It can be seen by examining f i g u r e  8 t h a t  t h e  n i t rogen  p a r t i a l  
p re s su re  (and hence t h e  va lue  of B) a t  which e q u a l i t y  of equivaletl t  
widths appears  t o  be achieved is  extremely s e n s i t i v e  t o  smal l  e r r o r s  
i n  t h e  de te rmina t ion  of t h e  equ iva len t  width of e i t h e r  sample. It 
E- 
d 
0 
E: 
1- 
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is  r a t h e r  i n s e n s i t i v e ,  however, t o  e r r o r s  i n  t h e  equ iva len t  width 
de te rmina t ion  i f  t h e  e r r o r s  f o r  bo th  samples a r e  of s i m i l a r  magni- 
tude  and i n  t h e  same d i r e c t i o n .  An a t tempt  was made t o  achieve  t h i s  
e q u a l i t y  of e r r o r s  by t ak ing  t h e  d a t a  a f t e r  t h e  system had been 
ope ra t ing  f o r  s e v e r a l  hours,  by t ak ing  t h e  d a t a  i n  a s  s h o r t  a t i m e  
a s  p o s s i b l e  and by us ing  only  those  da ta  f o r  which t h e  c o r r e c t i o n s  
were smal l .  
A second source  of e r r o r  is  t h e  problem of achiev ing  equal  
o p t i c a l  masses i n  t h e  two ce l l s .  S ince  t h e  o p t i c a l  mass (for t hese  
uniform pa ths )  is t h e  product of t h e  pa th  l eng th  and t h e  carbon 
d iox ide  p a r t i a l  p re s su re ,  t h e  problem r e a l l y  concerns t h e  accuracy 
w i t h  which one can measure t h e  p re s su re  and t h e  p a t h  length .  A s  
can be seen from t h e  c a l i b r a t i o n  of t h e  Bara t ron  p res su re  gauge, 
t h e  accuracy of t h e  pressure measurement i s  q u i t e  h igh ,  approxi- 
mately 0.1%. It is r a t h e r  d i f f i c u l t ,  however, t o  measure t h e  exac t  
pa th  l eng th  t r a v e r s e d  by t h e  beam i n  t h e  long p a t h  c e l l s ,  but pa th  
l eng th  i s  probably a c c u r a t e  t o  b e t t e r  than 50.25  percen t .  
I n  view of t h e  d i f f i c u l t i e s  o u t l i n e d ,  it i s  es t imated  t h a t  a 
reasonable va lue  of t h e  Is e r r o r  i n  t h e  va lue  of B is approximately 
0.08. It is  doubt fu l  i f  g r e a t e r  accuracy than t h i s  could be achieved 
w i t h  t h e  experimental  technique and ins t rumenta t ion  system used for 
t h e  measurements d i scussed  here .  
5 .6  Discuss ion  of Resu l t s  
Table V d i s p l a y s  B va lues  obtained by o the r  r e s e a r c h e r s ,  and 
it  can be seen  t h a t  most of t he  va lues  a r e  between 1 . 2  and 1.4. The 
r e s u l t s  of t h i s  s tudy  (1.30) agree  w e l l  w i t h  those  va lues .  When one 
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cons iders  t h e s e  da t a  it should be noted t h a t  
1. The va lues  of B are f o r  d i f f e r e n t  bands 
2. Some of t h e  values  a r e  f o r  t h e  br-dening of ind iv idua l  
l i n e s  near  t h e i r  c e n t e r s  ( t h e  laser  method) whi le  o t h e r s  a r e  f o r  
averages over an e n t i r e  band, 
3. These da t a  a r e  q u i t e  unce r t a in  (probably more unce r t a in  
than  most experimenters  admi t ) ,  
In  view of t h e  above, it i s  f e l t  t h a t  t h e  agreement among t h e  va r ious  
workers isunusuilly good. 
TABLE I V  
TEST CONDITIONS AND MEASURED EQUIVALENT WIDTHS USED 
FOR THE DETERNINATION OF THE BROADENING COEFFICIENT FOR NITROGEN 
2 
%O 
(Torr)  
1 W P T A 
(em) (atm cm) (Torr) ( O C )  (crn-l) N2 
100 
100 
25 ' 
400 52.63 0 25 121.76 
400 52.63 0 25 121.95 
1600 52.63 0 25 95.8 
25 1600 52.63 43. 25 112.6 
25 1600 52.63 84.1 25 120.2 
25 1600 52.63 184, 25 130.2 
25 1600 52.63 412. 25 140.4 
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CHAPTER 6 
BAND-AVERAGED BROADENING FACTORS FOR ARGON, HELIUM, AND OXYGEN 
6 .1  In t roduc t ion  
The a b i l i t y  of a gas t o  broaden t h e  s p e c t r a l  l i n e s  i n  an absorp- 
t i o n  band is  usua l ly  expressed r e l a t i v e  t o  t h e  broadening a b i l i t y  
of another  gas.  The r e fe rence  gas may be e i t h e r  t h e  absorber  i t s e l f ,  
i n  which case  t h e  q u a n t i t y  determined is  s i m i l a r  t o  the  broadening 
c o e f f i c i e n t  of Chapter 5 ,  o r  it may be some o t h e r  gas .  When the  
second method of express ion  is chosen, t h e  re ference  gas normally 
used ( a t  l e a s t  i n  s tudying  carbon d ioxide  i n f r a r e d  absorp t ion  spec t r a )  
is n i t rogen .  The r e s u l t  i s  then  usua l ly  expressed i n  terms of t h e  
broadening f a c t o r  a s  def ined  i n  Eq.  (2 .4 .5 ) .  
helium, and oxygen r e l a t i v e  t o  the  a b i l i t y  of n i t r o g e n  t o  broaden 
carbon d ioxide  spec t r a  have been determined. These data  a r e  pre- 
sen ted  and d iscussed  i n  t h i s  chapter .  
The a b i l i t i e s  of a rgon ,  
6.2 Experimental method 
In t h i s  p a r t  of t h e  i n v e s t i g a t i o n  the  broadening a b i l i t i e s  of 
argon, helium, and oxygen r e l a t i v e  t o  t h a t  of n i t rogen  a r e  d iscussed .  
The a b i l i t y  of each gas t o  broaden t h e  s p e c t r a l  l i n e s  is expressed 
a s  a band-averaged broadening f a c t o r ,  F,  a s  def ined  i n  Eq. (2 .45 )  
where Pi = t he  p re s su re  of t h e  ith gas requi red  t o  produce a 
s p e c i f i e d  equ iva len t  width f o r  some C 0 2  sample 
and p t h e  n i t rogen  pressure requi red  t o  produce the  same 
N2 
equ iva len t  wid th  f o r  an i d e n t i c a l  CO2 sample 
6 1  
6 2  
I n  p r a c t i c e ,  t h e  r e l a t i v e  broadening f a c t o r  i s  determined by p l o t -  
t i n g  equ iva len t  width a s  a func t ion  of gas p re s su re  f o r  each broad- 
en ing  gas.  It is then  p o s s i b l e  t o  read from t h e  p l o t  t h e  p re s su re  
of each broadening gas  t h a t  corresponds t o  any given equ iva len t  
width. The r e l a t i v e  broadening f a c t o r  f o r  each gas can then be 
r e a d i l y  determined. 
The major advantage of t h i s  method ( a s  compared t o  a technique 
t h a t  r e s u l t s  i n  a broadening c o e f f i c i e n t  s i m i l a r  t o  t h a t  measured 
f o r  n i t r o g e n  i n  Chapter 5) is t h a t  a c c u r a t e  da t a  a r e  more e a s i l y  
obtained. I n  t h e  method d iscussed  i n  Chapter 5 it is  necessary  t o  
p l ace  t h e  same o p t i c a l  mass of carbon d ioxide  i n  two ce l l s  of d i f -  
f e r e n t  l eng ths  w i t h  no r e a d i l y  a v a i l a b l e  means, independent of 
p re s su re  and c e l l  l e n g t h  measurements, of determining t h e  amount of 
carbon d ioxide  i n  t h e  cel l .  I n  determining broadening f a c t o r s  
r e l a t i v e  t o  n i t r o g e n ,  one has only  t o  check t h e  equ iva len t  widths 
of t h e  s p e c t r a  f o r  t h e  pure carbon d ioxide  samples. I f  t h e  carbon 
d ioxide  samples a r e  c o n s i s t e n t ,  it is then  only  necessary  f o r  good 
accuracy t h a t  t h e  p r e s s u r e  gauge be r epea tab le  and reasonably accur- 
a t e .  
6 . 3  Ins t rumenta t ion  and Data Process ing  
The system used f o r  ob ta in ing  t h e  measurements d i scussed  i n  
t h i s  chap te r  was t h e  complete set up descr ibed  i n  Chapter 3 .  The 
experimental  procedure followed was descr ibed  i n  s e c t i o n  4.2 w i t h  
one except ion .  S ince  no  mixing f a n  was i n s t a l l e d  i n  t h e  small  cel ls  
(8.74 and 100 cm) used he re ,  it was necessary  t o  w a i t  approximately 
25 minutes a f t e r  f i l l i n g  t h e  cel ls  t o  be sure t h e  gases  were mixed. 
6 3  
This  t i m e  per iod had been found t o  be s u f f i c i e n t  f o r  complete mixing 
by t ak ing  s e v e r a l  s p e c t r a  of t h e  same sample a t  var ious  t i m e  i n t e r -  
v a l s  a f t e r  f i l l i n g .  
a l low the  small  amount of gas i n  t h e  pressure  gauge and connect ing 
tub ing  t o  mix w i t h  t h e  gas i n  t h e  ce l l .  
The r a t h e r  long t i m e  per iod  was requi red  t o  
The da ta  processing techniques w e r e  descr ibed  i n  s e c t i o n  4 . 3  
except  t h a t  t h e  ce l l  t r a n s m i s s i v i t y  t a b l e  was loaded somewhat d i f -  
f e r e n t l y .  I n  these  tests,  t h e  t a b l e  was hand-loaded i n t o  t h e  com- 
p u t e r .  The va lues  loaded were the  average of approximately f i v e  
ce l l  t r a n s m i s s i v i t y  runs.  This was an  at tempt  t o  reduce t h e  e f f e c t s  
of no i se .  It was f e a s i b l e  because t h e  t r a n s m i s s i v i t y  of t h e s e  c e l l s  
was h ighly  s t a b l e ,  whi le  t h e  t r ansmiss iv i ty  of t h e  long-path c e l l s  
changed each t i m e  t h e  pa th  length  w a s  changed. 
6 . 4  T e s t  Condi t ions 
Spec t ra  were obta ined  f o r  pa th  lengths  of 8.74 and 100 cm.  
Carbon d ioxide  p a r t i a l  p ressures  were 100 Torr i n  t h e  8.74 cm c e l l  
and 30 and 100 Torr  i n  t h e  100 cm c e l l .  Broadening gas p re s su res  
va r i ed  f r a n  zero  t o  700 Torr i n  the  case  of t h e  30 Torr  carbon 
d ioxide  samples and f r a n  zero  t o  620 Torr  i n  t h e  case  of t h e  samples 
having a carbon d ioxide  p a r t i a l  p ressure  of 100 Torr .  Broadening 
gases  were argon, helium, n i t rogen ,  and oxygen. The tes t  condi t ions  
desc r ib ing  each sample a r e  l i s t e d  i n  Table V I .  A l l  t h e  spec t r a  
for any one carbon d ioxide  p a r t i a l  pressure-path length  combination 
were obtained dur ing  a s i n g l e  test  se s s ion .  
6 . 5  Resu l t s  
The measured equ iva len t  widths f o r  t he  va r ious  spec t r a  a r e  
6 4  
shown i n  Table V I .  
of t o t a l  gas p re s su re  i n  F igure  9. 
s e l e c t e d  f o r  each f i g u r e  and t h e  corresponding gas p re s su res  d e t e r -  
mined from t h e  curves .  The equ iva len t  widths s e l e c t e d ,  t h e  cor- 
responding gas p r e s s u r e s ,  and t h e  c a l c u l a t e d  broadening f a c t o r s  
r e l a t i v e  t o  n i t r o g e n  a r e  shown i n  Table V I I .  
were averaged over each  o p t i c a l  mass and were a l s o  averaged o v e r a l l  
f o r  each gas .  These averages a r e  a l s o  presented  i n  Table V I I .  
The equ iva len t  widths a r e  p l o t t e d  a s  a func t ion  
Seve ra l  equ iva len t  widths were 
The broadening f a c t o r s  
6.6 Accuracy 
A s  has been noted e a r l i e r ,  t h e  accuracy of t h e  r e l a t i v e  broad- 
en ing  f a c t o r s  i s  c o n t r o l l e d  p r i m a r i l y  by t h e  r e p e a t a b i l i t y  of t h e  
ins t rumenta t ion  and da ta  process ing  system; t h e  a b s o l u t e  accuracy 
of t h e  system is  of lesser importance. For example, it can e a s i l y  
be shown t h a t  a sys temat ic  f i v e  percent  s h i f t  i n  t h e  va lues  of t h e  
equ iva len t  wid th  would change t h e  r e l a t i v e  broadening f a c t o r s  by 
only  one pe rcen t .  
Some measure of system r e p e a t a b i l i t y  ( inc lud ing  t h e  experimenter,  
a v a r i a b l e  o f t e n  overlooked and whose p r o p e r t i e s  a r e  d i f f i c u l t  t o  
measure) 
of t h e  fou r  s p e c t r a  of pure carbon d ioxide  a t  each  o p t i c a l  mass. It 
can be seen  t h a t  t h e  s c a t t e r  i n  t h e  measured equ iva len t  width f o r  
each of t h e  t h r e e  sets of fou r  independently formed samples i s  very  
can be obta ined  by comparing t h e  measured equ iva len t  widths 
sma l l ,  t h e l a s c a t t e r  being only  0.17 percent .  Because of t h e  repea- 
t a b i l i t y  of t h e  system, t h e  accuracy of t h e  p re s su re  gauge, and 
t h e  i n s e n s i t i v i t y  of t h e  broadening f a c t o r s  t o  sys temat ic  e r r o r s ,  
t h e  broadening f a c t o r s  der ived  here  a r e  f e l t  t o  be cons iderably  
6 5  
TABLE V I  
TEST CONDITIONS AM) EQUIVALENT WIDTHS 
FOR THE BAND AVERAGED BROADENING STUDY 
W 1 B r o a d e n i n g  B T A P 
P 
2 
co 
(Torr) (atm e m . )  (em.) G a s  (Torr)  ( O C )  (em-') 
I 1.153 
3. 
'4 I 
I 
A 1 
i 
I 
He I 
0 
120.4 
320.12 
620, 
0.  
120. 
324.26 
620. 
0. 
120. 
321.4 
619.92 
0 
120. 
323.3 
620. 
0 
9.30 
60.36 
200.16 
702. 
0 
60. 
200. 
700,5 
0 
33.56 
39.93 
45.90 
51.33 
33.51 
39.18 
44.54 
49.61 
33.66 
38.75 
44.34 
49.10 
33.55 
38. a9 
44.23 
49.19 
39.08 
42.01 
52.62 
65.97 
81.86 
38.83 
50.60 
63.95 
79.69 
38.99 
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TABLE VI (CONCLLUDED) 
T A 
( c m - l )  
2 W 1 Broadening pB 
pCO 
(Torr (atm e m . )  ( c m . )  Ga s (Torr) ( O C )  
0. 
0 
1 
A 1 
1 
~ 
He 
60.1 
201. 
702. 
0 
60 .1  
200.1 
700. 
0. 
124.34 
320 
620 
0 
120.18 
320.18 
623.68 
0 
120.52 
320.05 
620 , lS  
0 
120.3 
320.6 
619.6 
50.38 
62.95 
78.46 
38.92 
49 98 
62.61 
78.36 
84.62 
96.43 
105.63 
112.04 
84.75 
95.10 
103.79 
110.34 
84.78 
94.65 
103.22 
109.61 
84.71 
94.53 
102.97 
109.35 
0 v) 
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more a c c u r a t e  than  t h e  corresponding c o e f f i c i e n t  f o r  n i t rogen  t h a t  
was determined i n  Chapter 5 of t h i s  work. It is es t imated  t h a t  
t h e  l o  e r r o r  i n  t h e  r e l a t i v e  broadening f a c t o r s  i s  probably no 
g r e a t e r  than 0.02 and t h a t  it is very  u n l i k e l y  t h a t  t h e  o rde r  of 
broadening a b i l i t y  (exygen, helium, and argon) i s  i n c o r r e c t .  
6 .7  Discuss ion  of Resu l t s  
Presented  i n  Table V I 1  a r e  t h e  broadening f a c t o r s  f o r  a rgon ,  
helium, and oxygen r e l a t i v e  t o  n i t rogen .  Values of the broadening 
f a c t o r  were c a l c u l a t e d  f o r  a t  l e a s t  t h r e e  va lues  of t h e  equ iva len t  
width f o r  each of t h e  t h r e e  o p t i c a l  masses. The va lues  of t h e  
broadening f a c t o r  f o r  a l l  of t h e  equ iva len t  widths w e r e  averaged 
over each  o p t i c a l  mass and were a l s o  averaged over a l l  equ iva len t  
widths and o p t i c a l  masses; t h i s  va lue  is shown a s  t h e  o v e r a l l  
average . 
It w i l l  be noted t h a t  t h e  dev ia t ions  of t he  average va lues  
from t h e  o v e r a l l  average a r e  r a t h e r  small  being no g r e a t e r  than  
f i v e  percent .  Within each  o p t i c a l  mass t h e  f a c t o r  v a r i e s  some- 
what w i t h  equ iva len t  wid th .  Th i s  v a r i a t i o n  is  small  i n  t h e  case  
of t h e  two l a r g e r  o p t i c a l  masses and i s  wi th in  t h e  da ta  s c a t t e r .  
I n  t h e  case  of t h e  s m a l l e s t  o p t i c a l  mass, however, t h e  v a r i a t i o n  is  
l a r g e r ,  t h e  va lue  of t h e  broadening f a c t o r  tending  t o  inc rease  wi th  
inc reas ing  equ iva len t  width.  There is no obvious exp lana t ion  f o r  
t h i s  from t h e s e  da ta  but t h i s  po in t  w i l l  be d iscussed  f u r t h e r  i n  
t h e  next  chap te r  when t h e  wavelength dependence of t h e  broadening 
c o e f f i c i e n t s  i s  d iscussed .  
The broadening f a c t o r s  have not  been previous ly  determined i n  
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t h e  15 p m  reg ion  f o r  carbon d ioxide ,  but  t h e r e  have been i n v e s t i -  
ga t ions  i n  which t h e s e  f a c t o r s  (o r  da ta  from which r e l a t i v e  broad- 
en ing  f a c t o r s  can be der ived)  have been determined i n  o the r  carbon 
d ioxide  absorp t ion  bands. Table V I 1 1  d i sp l ays  t h e  r e l a t i v e  broad- 
en ing  f a c t o r s  f o r  several carbon d ioxide  absorp t ion  bands measured 
by o the r  workers. Also shown i n  t h i s  t a b l e  a r e  t h e  o v e r a l l  average 
values  of t h e  broadening f a c t o r s  from Table V I I .  
The da ta  shown f o r  t h e  4 .3pm (2,350 ern-') band 
obtained by Burch e t  a l . ,  (1962a) were determined by t h e  same 
method a s  t h a t  used i n  t h i s  work. The carbon dioxide p a r t i a l  
-- 
pres su re  and t h e  broadening gas pressures  were s i m i l a r  (P - co - 
2 
50 Tor r ,  PB = 80 to  700 T o r r ) ,  however, t h e  pa th  l eng th  (6.35 em) 
and o p t i c a l  mass w e r e  sma l l e r  than t h a t  used here .  
The da ta  f o r  t h e  P(20) l i n e  of 10 .4pm (961 cm-') band by 
P a t t y ,  -- e t  a l . ,  (1968) were o r i g i n a l l y  publ ished a s  broadening 
c o e f f i c i e n t s  f o r  carbon d ioxide  wi th  r e spec t  t o  t h e  var ious  gases .  
These were converted t o  broadening f a c t o r s  w i th  respect t o  n i t rogen  
by E q .  (2 .4 .6)  which i s  
The da ta  w e r e  ob ta ined  us ing  a l a s e r  tuned t o  the  P(20) l i n e  a s  a 
source of r a d i a t i o n .  
c e l l  and i n t o  a prism spectrometer  set a t  t h e  frequency of t h e  P(20) 
The r a d i a t i o n  passed through a m u l t i p l e  pass  
l i n e .  I n  t h e s e  tests t h e  ce l l  l eng th  was approximately 4 OiI: 8 
meters. The carbon d ioxide  p a r t i a l  p re s su re  was e i t h e r  50 o r  100 
Torr ,  whi le  t h e  broadening gas pressure  va r i ed  up t o  250 Torr .  The 
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experimental  method was very  s i m i l a r  t o  t h a t  used i n  Chapter 5 of 
t h i s  work f o r  t h e  de te rmina t ion  of t h e  broadening c o e f f i c i e n t  f o r  
carbon d ioxide  w i t h  r e spec t  t o  n i t rogen ,  The s h o r t  cel l  was f i l l e d  
wi th  carbon d ioxide  t o  a p re s su re  of approximately 100 Torr and t h e  
t ransmi t tance  measured. The longer  cell was then  f i l l e d  wi th  the  
same o p t i c a l  mass of carbon d ioxide  (p re s su re  approximately 50 Torr)  
and then  t h e  t r ansmi t t ance  measured a s  a broadening gas  was added. 
From a p l o t  of t r ansmi t t ance  versus  broadening gas p re s su re ,  t h e  
broadening gas p re s su re  a t  which t h e  t ransmi t tance  w a s  equal  t o  
t h e  t ransmi t tance  of t h e  pure carbon d ioxide  sample i n  t h e  s h o r t  
c e l l  could be determined. A t  equa l  t ransmi t tances  it was assumed 
t h a t  t h e  l i n e  half-widths  were equal  and t h e  self-broadening coef-  
f i c i e n t  was determined from Eq. (5.1.2) 
'b B =  
A s  was mentioned e a r l i e r ,  t h e  self-broadening c o e f f i c i e n t s  were 
d iv ided  i n t o  t h e  self-broadening c o e f f i c i e n t  w i t h  r e spec t  t o  n i t r o -  
gen, t o  de r ive  t h e  F va lues  of Table V I I I .  
The r e s u l t s  r epor t ed  by McCubbin and Mooney (1968) were a l s o  
determined us ing  a l a s e r  a s  a r a d i a t i o n  source.  The experimental  
appara tus  cons i s t ed  of a carbon d ioxide  laser tuned t o  t h e  P(20) 
l i n e  of t h e  10.4 p m  (961 cm- band, a mul t ip l e  pass  White c e l l ,  
and a spectrometer  se t  t o  t h e  frequency of t h e  l i n e  c e n t e r .  I n  
t h i s  c a s e ,  t h e  spectrometer  was a g r a t i n g  type  instrument .  The 
carbon d ioxide  p a r t i a l  p re s su re  was 1 Torr  and t h e  broadening gas 
1 
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pressure  v a r i e d  from ze ro  t o  30 Torr .  The pa th  l eng th  was 20.88 m. 
Broadening gases  used were argon,  a i r ,  and n i t rogen .  Transmittance 
was p l o t t e d  a s  a func t ion  of gas p re s su re  f o r t h e  var ious  broadening 
gases .  Next, a family of t h e o r e t i c l  t r ansmi t t ance  versus  p re s su re  
curves  was p l o t t e d  f o r  va r ious  l i n e  ha l f  widths  us ing  the  V&& 
p r o f i l e  l i n e  shape. The ha l f  width of t h e  exper imenta l ly  observed 
absorp t ion  l i n e  was then  s a i d  t o  be equal  t o  t h e  ha l f  wid th  of 
t h e  t h e o r e t i c a l  l i n e  t h a t  produced t h e  t r ansmi t t ance  versus  pressure  
curve b e s t  f i t t i n g  t h e  experimental  da t a .  The results were pre- 
sen ted  i n  t h e  form of l i n e  ha l f  widths  f o r  t h e  va r ious  broadening 
gases .  These ha l f  wid ths  (carbon d ioxide  self-broadened = 0.096, 
n i t rogen  broadened = 0.070, a i r  broadened = 0,080, and argon broad- 
ened = 0.077)  were converted t o  r e l a t i v e  broadening f a c t o r s  by 
simple d i v i s i o n  of t h e  fo re ign  broadened ha l f  wid ths  by the  n i t rogen  
ha 1 f width . 
I n  t h e i r  work, Bouten e t  a l . ,  (1967) used a carbon d ioxide  
l a s e r  tuned t o  t h e  P(20) l i n e  of t he  10.4 p m  (961  c m - l )  band a s  
a r a d i a t i o n  source.  A spectrophotometer ,  set t o  t h e  wavelength of 
t h e  l i n e  center ,  measured t h e  r a d i a t i o n  t r ansmi t t ed  by a c e l l  f i l l e d  
w i t h  carbon d ioxide  and a broadening gas .  From t h e  r a t i o  of t h e  
absorp t ion  c o e f f i c i e n t s  of a carbon d ioxide  sample and a fo re ign  
broadened sample they  c a l c u l a t e d  t h e  r a t i o  of t h e  squares  of t h e  
c o l l i s i o n  diameters  for carbon dioxide-carbon d ioxide  c o l l i s i o n s  
and carbon dioxide-foreign gas  c o l l i s i o n s .  
p resented  i n  Table V I I I  were determined by f i r s t  r e w r i t i n g  Eq. (2.4.4) 
i n  t h e  form 
-- 
The broadening f a c t o r  
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(6.7.1) 
and c a l c u l a t i n g  t h e  broadening c o e f f i c i e n t s  f o r  t he  var ious  gases .  
These were then  d iv ided  i n t o  t h e  broadening c o e f f i c i e n t  for n i t rogen  
(which had a l s o  been determined from t h e  data  of Boutin e t  a l .  
t h e  above method) i n  accordance wi th  Eq. (2 .4 .6) .  I n  t h e i r  work 
Boutin e t  a l .  used carbon d ioxide  and broadening gas p a r t i a l  p r e s -  
su re s  t h a t  were high enough t o  ensure  t h a t  c o l l i s i o n a l  broadening 
determined t h e  1 ine  p r o f i l e .  
by -- 
Coggeshall  and S a i e r  (1947) determined t h e  c o l l i s i o n  diameter 
r a t i o s  f o r  carbon d ioxide  - carbon d ioxide  c o l l i s i o n s  and carbon 
d ioxide  - fo re ign  gas c o l l i s i o n s  a t  a s i n g l e  wavelength i n  t h e  
4.3pm (2350 c m - l )  band and a s i n g l e  wavelength i n  t h e  15 pm (667 cm 
band. The method was s i m i l a r  t o  t h a t  used i n  Chapter  5 except  t h a t  
sample t r a n s m i s s i v i t i e s  w e r e  matched a t  a s i n g l e  wavelength r a t h e r  
than  matching t h e  i n t e g r a l s  over t h e  band. T e s t  condi t ions  and 
r e s o l u t i o n  resembled those  used i n  t h e s e  t es t s .  The c o l l i s i o n  
diameter r a t i o s  presented  by Coggeshall  and S a i e r  were converted t o  
broadening f a c t o r s  by means of Eq. (6 .7 .1)  and Eq. (2.4.6 ) . 
It can be seen from t h e  d e s c r i p t i o n s  of t h e  va r ious  techniques 
t h a t  t h e  p rope r ty  being measured and the  assumptions made i n  i n t e r -  
p r e t i n g  t h e  da t a  a r e  q u i t e  d i f f e r e n t  f o r  t h e  d i f f e r e n t  techniques.  
For example, t he  technique us ing  a b lack  body r a d i a t i o n  source 
( t h i s  work, Burch e t  a l . ,  (1962a) and Coggeshall  and S a i e r  (1947) 
is a c t u a l l y  measuring a proper ty  of t h e  wings of t h e  l i n e s  ( s ince  
-.-- 
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t h e  sample requi red  t o  ach ieve  s u f f i c i e n t  absorp t ion  t o  proper ly  
ope ra t e  t h e  spectrometer  r e s u l t s  i n  l i n e  c e n t e r s  being e s s e n t i a l l y  
opaque) while  t h e  techniques using a l a s e r  a s  a r a d i a t i o n  source 
measure a proper ty  of a S ing le  l i n e  near  t h e  l i n e  cen te r .  With 
these  d i f f e rences  i n  mind, t h e  da ta  presented  i n  Table V I 1 1  can 
be compared. 
I n  t h e  case  of a rgon ,  a l l  of t h e  measurements except  t h a t  of 
McCubbin and Mooney are i n  r e l a t i v e l y  c l o s e  agreement, t h e  d i f -  
fe rences  probably being wi th in  t h e  experimental  e r r o r s ,  (Boutin 
e t  a l . ,  (1967) considered t h e i r  va lue  t o  be i n  good agreement wi th  
t h a t  of Burch e t  a l . ,  (1962a)). The measurement by McCubbin and 
Mooney (1968) i s  s i g n i f i c a n t l y  d i f f e r e n t  from t h e  o the r  (1.10 a s  
compared t o  0.78).  The d i f f e r e n c e  between h i s  r e s u l t s  and those  
-- 
-- 
of Burch were noted by McCubbin i n  h i s  paper ,  but  no explana t ion  
was o f f e red .  It should be noted t h a t  t h i s  work, t h e  work of Burch, 
e t  a l . ,  (1962a) and t h e  work of P a t t y ,  e t  a l . ,  (1968) were a l l  per- 
formed a t  p ressures  cons iderably  higher  than  t h e  work of McCubbin 
-- -- 
and Mooney. It is  q u i t e  p o s s i b l e  t h a t  t h e  d i f f e r e n c e  i s  i n  some 
way a t t r i b u t a b l e  t o  t h i s .  Another p o s s i b i l i t y  is t h a t  t h e  measure- 
ments of P a t t y ,  e t  a 1  
t h e  same frequency a s  those  of McCubbin and Mooney. McCubbin and 
(1968) may no t  have been made a t  p r e c i s e l y  -e.' 
Mooney used a carbon dioxide-ni t rogen l a s e r  because,  a s  they  s a i d ,  
an  increased  pressure of a carbon dioxide-nitrogen-helium l a s e r  
(as used by P a t t y  e t  a 1  
t h e  exac t  cen te r .  Although P a t t y ,  e t  a l . ,  (1968) used a carbon 
dioxide-nitrogen-helium l a s e r ,  t h i s  au thor  i s  not  a b l e  t o  judge a s  
(1968))might permit o s c i l l a t i o n  away from - - * '  
-- 
I 
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t o  whether o r  no t  t h e  pressure  was high enough t o  a l low t h i s  s h i f t  
i n  frequency t o  occur.  Resolut ion of t h i s  d i f f e r e n c e  w i l l  have t o  
be made by those  who a r e  more knowledgeable i n  the  a r e a  of l a s e r  
opera t ion .  
In  t h e  case  of helium broadening, i t  is seen t h a t  t h i s  work 
and t h e  works of Boutin e t  a l . ,  (19671, P a t t y  e t  a l . ,  (19681,and 
Coggeshall and S a i e r  (1947) a t  14.8 p m  a re  i n  good agreement. 
These d i f f e r  s i g n i f i c a n t l y  from t h e  va lues  obtained by Burch e t  a l . ,  
(1962a) f o r  t h e  4.3 p m  band and Coggeshall and S a i e r  (1947) a t  
4 .3  p m .  
-- -- 
-- 
It appears  t h a t  t h e  e f f e c t s  of a given broadener may d i f f e r  
f o r  d i f f e r e n t  absorp t ion  bands of an absorber ,  however, one would 
not  expect  t h e  d i f f e r e n c e s  t o  be too  g r e a t .  The tes t  condi t ions  
f o r  our work and t h e  work of Burch e t  a l .  and t h e  work of Coggeshall  
and S a i e r  ( p a r t i c u l a r l y  i n  t h e  case  of t h e  8.74 c m  sample) a r e  not  
g r e a t l y  d i f f e r e n t  so t h a t  t h e  r e l a t i v e  con t r ibu t ions  of l i n e  c e n t e r s  
-- 
and l i n e  wings should no t  be t o o  d i f f e r e n t .  A check on the  accuracy 
of our  work w i l l  be obtained when t h e  wavelength dependence of t he  
self-broadening c o e f f i c i e n t  of carbon d ioxide  w i t h  r e spec t  t o  the  
va r ious  gases i n  d iscussed  i n  t h e  next  chapter .  
The da ta  f o r  oxygen a l s o  pose a problem. Although our d a t a ,  
t h e  da t a  of Burch e t  a l . ,  (1962a), t h e  da t a  of Boutin e t  a l . ,  (1967) 
and t h e  d a t a  of Coggeshall  and S a i e r  (1947) agree  f a i r l y  w e l l  t h e r e  
-- I -  
is  a r a t h e r  s i g n i f i c a n t  d i f f e r e n c e  w i t h  t h e  work of McCubbin and 
Mooney who used a i r  a s  a broadener.  They measured a broadening 
f a c t o r  of 1.14 f o r  a i r  broadened carbon d ioxide .  S ince  a i r  is 
composed p r i n c i p a l l y  of n i t rogen  and oxygen, t h i s  r e s u l t  could be 
taken t o  mean t h a t  oxygen is  a more e f f e c t i v e  broadener than 
n i t rogen .  This i s  i n  d i r e c t  disagreement t o  our results and t h e  
results of t h e  o ther  researchers  c i t e d  here .  
One o the r  po in t  t h a t  might be noted i s  t h e  s i m i l a r i t y  of t he  
broadening f a c t o r s  f o r  helium and argon. P a t t y  has noted t h a t  
t h i s  should no t  be e n t i r e l y  unexpected because,  a l though helium 
w i l l  c o l l i d e  more f r equen t ly  wi th  carbon dioxide (and hence should 
cause a l a r g e r  ha l f  width,  according t o  t h e  simple theory  used here)  
i t s  p o l a r i z a b i l i t y  i s  lower and should have a smaller  e f f e c t .  A 
q u a l i t a t i v e  check on the  e q u a l i t y  of t he  broadening c o e f f i c i e n t s  
f o r  t hese  two gases w i l l  be examined i n  t h e  next  chapter  when t h e  
wavelength-dependent broadening c o e f f i c i e n t s  a r e  discussed.  
It is apparent  from the  foregoing d iscuss ion  t h a t  explana t ions  
for t h e  s i m i l a r i t i e s  and d i f f e rences  between t h e  broadening e f f e c t s  
of t h e  gases  s tud ied  and between the  work of var ious  i n v e s t i g a t o r s  a r e  
not  a v a i l a b l e .  Hopefully,  f u r t h e r  t h e o r e t i c a l  and experimental  
work w i l l  produce a cons i s t en t  p i c t u r e .  
CHAPTER 7 
WAVELENGTH DEPENDENT BROADENING COEFFICIENTS 
7 . 1  In t roduc t ion  
Although t h e  band-averaged se l f -broadening  c o e f f i c i e n t  and 
r e l a t i v e  broadening f a c t o r s  d i scussed  i n  Chapters 5 and 6 g ive  
some i n d i c a t i o n  of t h e  e f f e c t s  of va r ious  broadening gases  on t h e  
abso rp t ion  of i n f r a r e d  r a d i a t i o n  by carbon dioxide,  t h e y  s t i l l  leave  
an incomplete p i c t u r e .  I n  view of t h i s  a s tudy  was undertaken of 
t h e  wavelength dependence i n  t h e  15flm band of t h e  broadening coef- 
f i c i e n t s .  The c o e f f i c i e n t s  were measured i n  t h e  r eg ion  from 
588 t o  741cm-l(17 t o  13.5pm) us ing  a rgon,  helium, n i t r o g e n ,  and 
oxygen a s  broadening gases .  Most of t h e  measurements were taken 
a t  a s i n g l e  carbon d ioxide  p a r t i a l  p r e s s u r e ,  a l though  l i m i t e d  da t a  
were obta ined  from 635 t o  700cm-1(15,75 t o  14.25pm) a t  a second 
p a r t i a l  p re s su re .  C e l l  l eng ths  were v a r i e d  depending upon t h e  
reg ion  of t h e  band be ing  i n v e s t i g a t e d .  
The wavelength dependence of t h e  broadening c o e f f i c i e n t  of 
carbon d ioxide  w i t h  r e s p e c t  t o  n i t r o g e n  has p rev ious ly  been i n v e s t i -  
ga t ed  by Burch, e t  a l . ,  (1962) , i n  t h e  15 CF\ (667 c m - l )  r eg ion ,  by 
Anderson e t  a l . ,  (1967) i n  t h e  4 ,3pm(2 ,350  c m - l )  r eg ion ,  and by 
V a s i l e v s k i i  e t  a l . ,  (1967) i n  t h e  2.06pm (4 ,854  cm-l) reg ion .  
The techniques  have v a r i e d ,  t h e  work of Burch e t  a l . ,  (1962) and 
Anderson e t  a l . ,  (1967) having been performed a t  medium r e s o l u t i o n  
whi le  t h e  work of V a s i l e v s k i i  e t  a l . ,  (1967) was performed a t  high 
r e s o l u t i o n .  A s  f a r  a s  i s  known, t h e  wavelength dependence of t h e  
-- 
-- 
-- 
-- 
-- 
-- 
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broadening c o e f f i c i e n t  w i t h  r e spec t  t o  o the r  broadening gases  has 
no t  been inves t iga t ed  i n  t h e  15pm region .  
7.2 ExDerimental Method 
The da ta  were obta ined  us ing  t h e  Model 221 Spectrophotometer,  
t h e  Perk in  E l m e r  long pa th  cel ls ,  t h e  8.74 c m  and 2.02cm s h o r t  
c e l l s ,  and t h e  Bara t ron  p res su re  gauge. The da ta  were read from 
t h e  instrument s t r i p  c h a r t  recorder .  
The experimental  technique was s i m i l a r  t o  t h a t  used by Burch, 
e t  a l . ,  (1962). This  technique is  a v a r i a t i o n  of t h a t  used f o r  
determining t h e  band-averaged broadening c o e f f i c i e n t s .  
s h o r t  ce l l  is placed i n  t h e  r e fe rence  beam of t h e  instrument  and 
a longer  c e l l  i n  t h e  sample beam. Equal o p t i c a l  masses of carbon 
d ioxide  a r e  then  p laced  i n  t h e  two cells,  Due t o  t h e  decreased 
p res su re  
is less than  t h e  abso rp t ion  i n  the  s h o r t  c e l l  ( t h e  r e fe rence  beam). 
As a broadening gas is added to t h e  long c e l l ,  t h e  abso rp t ion  
inc reases  (a l though not  uniformly a t  a l l  wavelengths) .  When t h e  
abso rp t ion  i n  t h e  long c e l l ,  a t  any wavelength,  equals  t h e  absorp t ion  
i n  t h e  s h o r t  c e l l  a t  t h a t  wavelength,  one can c a l c u l a t e  t h e  broad- 
en ing  c o e f f i c i e n t  by means of an  equat ion  s imilar  t o  Eq.  (5.1.21. 
-- 
Here a 
i n  t h e  long cel l ,  t h e  abso rp t ion  i n  it ( t h e  sample beam) 
P 
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It is d e s i r a b l e  t h a t  t h e  sample i n  t h e  r e fe rence  beam be chosen 
so  t h a t  i t s  t r a n s m i s s i v i t y  i s  between 10 and 90 pe rcen t ;  t h i s  g ives  
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most s a t i s f a c t o r y  instrument  accuracy. I f  t he  t r a n s m i s s i v i t y  is 
less than 10 percent ,  t h e  s i g n a l  l e v e l s  d r i v i n g  the  n u l l i n g  servo  
become very  small  and no i se  and s c a t t e r e d  r a d i a t i o n  become important.  
I f  t h e  t r a n s m i s s i v i t y  i s  g r e a t e r  than 90 pe rcen t ,  t he  e f f e c t s  of 
changing broadening gas  p re s su re  become small. 
I n  t h i s  work, two sets of c e l l s  were used, depending upon t h e  
wavelength i n t e r v a l  being inves t iga t ed .  A 2.02cm reference  c e l l  
pa i red  wi th  an  8.74 c m  sample c e l l  was used dur ing  s t u d i e s  of t he  
reg ion  from 641 t o  6 9 5 ~ m - ~ ( 1 5 , 6  t o  14.4pm), whi le  a 400 cm r e f e r -  
ence cell  pa i r ed  w i t h  a 1,600 cm sample c e l l  was used while  s tudying  
t h e  regions from 719 t o  763cm’l(13.9 t o  13.1pm) and 581 t o  621cm-l 
(17 .2  t o  161pm) .  Unfor tuna te ly ,  w e  w e r e  unable t o  ob ta in  over- 
lapping wavelength i n t e r v a l s ;  t h i s  would have requi red  a set of 
ce 11s of in te rmedia te  length .  
The o p t i c a l  pa th  was purged wi th  dry  n i t r o g e n ,  a s  u s u a l ,  and 
adequate time was allowed t o  in su re  sample gas mixing i n  t h e  cells 
(aided by a f a n  i n  t h e  case  of t h e  long pa th  c e l l s ) .  A l l  measure- 
ments f o r  a p a r t i c u l a r  broadening gas i n  a p a r t i c u l a r  wavelength 
i n t e r v a l  were performed i n  a s i n g l e  se s s ion .  
7.3 Data Process ing  
It was a n t i c i p a t e d  t h a t  t he  da ta  reduct ion  would fol low t h e  
method ou t l ined  by Burch, e t  a l . ,  (1962). I n  t h a t  method, t h e  wave- 
l eng th  i n t e r v a l  under s tudy  is  scanned wi th  the  c e l l s  evacuated. 
-- 
This  defines t h e  l i n e  of equal  beam t r a n s m i s s i v i t i e s .  The samples 
a r e  then placed i n  t h e  c e l l s  and s p e c t r a  scanned a t  d i f f e r e n t  
broadening gas p re s su res .  One can then determine t h e  wavelength 
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of t h e  i n t e r s e c t i o n s  of t h e  va r ious  curves w i t h  t h e  l i n e  of equal  
t r a n s m i s s i v i t y ,  determine t h e  va lue  of t h e  broadening c o e f f i c i e n t  
a t  each i n t e r s e c t i o n ,  and p l o t  t h e  va lue  of t h e  broadening coef- 
f i c i e n t  a s  a f u n c t i o n  of wavelength or  wavenumber. 
Seve ra l  d i f f i c u l t i e s  w e r e  encountered i n  a t t empt ing  t o  use 
t h i s  technique. F i r s t ,  i t  was found t h a t  t h e  r a t i o  of t h e  t r a n s -  
m i s s i v i t i e s  of t h e  two beams was very  n e a r l y  equa l  t o  one ( g e n e r a l l y  
t h e  v a r i a t i o n  would be less than  5 pe rcen t )  f o r  any given broaden- 
ing  gas p re s su re .  This  caused t h e  t r a c e s  t o  c r o s s  t h e  equal  t r a n s -  
m i s s i v i t y  l i n e  a t  a small  a n g l e ,  making it  ve ry  d i f f i c u l t  t o  l o c a t e  
t h e  i n t e r s e c t i o n  p o i n t  a c c u r a t e l y .  Th i s  d i f f i c u l t y  was somewhat 
a l l e v i a t e d  by expanding t h e  t r a n s m i s s i v i t y  s c a l e  by a f a c t o r  of 
t e n  and t h e  wavelength s c a l e  by a f a c t o r  of two. When t h i s  l a r g e  
scale f a c t o r  expansion was used, however, i t  became obvious t h a t  
t h e  small n o n - r e p e a t a b i l i t y  i n  t h e  instrument s c a l e  f a c t o r  (men- 
t i oned  i n  s e c t i o n  4.3) combined w i t h  t h e  small  i n t e r s e c t i o n  ang le  
of t h e  t r a c e s  was caus ing  a l a r g e  amount of da t a  s c a t t e r .  This  
s c a t t e r  had been p r e s e n t  p rev ious ly ,  but it became much more n o t i c e -  
a b l e  i n  t h e  expanded s c a l e  s i t u a t i o n .  It a l s o  became apparent  a t  
t h i s  t i m e  tha t  t h e  broadening c o e f f i c i e n t  ve r sus  wavelength p l o t  
would con ta in  more f i n e  s t r u c t u r e  than  had been a n t i c i p a t e d .  To 
d e f i n e  t h i s  s t r u c t u r e ,  it appeared t h a t  ve ry  c l o s e l y  spaced broad- 
en ing  gas p re s su res  would be requi red .  
s i g n a l  set a f i n i t e  lower l i m i t  on broadening gas p re s su re  increment. 
A f t e r  s e v e r a l  a t t empt s  t o  use t h i s  method had f a i l e d ,  it was con- 
However, t h e  n o i s e  on t h e  
cluded t h a t  i t  was n o t  a p r a c t i c a l  method f o r  u s e  w i t h  our equipment. 
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It seemed t h a t  t h e r e  was a b a s i c  d i f f i c u l t y ,  i nhe ren t  i n  t h e  method, 
t h a t  placed seve re  l i m i t a t i o n s  on i t ,  v i z ,  t h a t  t h e  method made 
use of a ve ry  small  p a r t  (less than  1 pe rcen t )  of t h e  a v a i l a b l e  
information. Only t h e  i n t e r s e c t i o n  p o i n t  of two l i n e s  was used; 
t h e  remainder of t h e  i n f  orma t ion was ignored. 
I n  an  e f f o r t  t o  overcome some of t h e  d i f f i c u l t i e s  o u t l i n e d  
above, a d a t a  r educ t ion  scheme was developed t o  use a s  much of t h e  
a v a i l a b l e  informat ion  a s  p o s s i b l e .  This technique  was used t o  
determine t h e  broadening c o e f f i c i e n t  i n  a l l  ca ses  except  f o r  p a r t  
of t h e  helium d a t a .  Because of t h e  unusual n a t u r e  of t h e  da t a  f o r  
helium it was p o s s i b l e  t o  use t h e  method descr ibed  by Burch, e t  a l .  
The method used f o r  a p a r t i c u l a r  s e c t i o n  of d a t a  i s  ind ica t ed  on t h e  
helium p l o t .  The method used f o r  t h e  r educ t ion  of t h e  remainder of 
t h e  da t a  c o n s i s t e d  of t h e  fo l lowing  s t e p s :  
--
1. The wavelength r eg ion  under examination was scanned t h r e e  
or more times w i t h  t h e  c e l l s  evacuated. The t r a c e s  were superimposed. 
A t y p i c a l  r e su l t  i s  shown i n  F igure  10. 
2.  The c e l l s  w e r e  f i l l e d  w i t h  carbon d ioxide  a t  t h e  proper 
p re s su res .  
3 .  The wavelength r eg ion  was scanned f o r  s e v e r a l  roughly-evenly 
spaced broadening gas p re s su res .  Genera l ly ,  f i v e  t o  seven broadening 
gas p re s su res  w e r e  used. A t y p i c a l  example of t h e  instrument s t r i p  
c h a r t  record  is shown i n  F igu re  11; t h e  p a r t i c u l a r  record  shown is 
f o r  argon. 
4. A t r a c i n g  of t h e  t h r e e  equal  t r a n s m i s s i v i t y  l i n e s  and of t h e  
smoothed sample t r a c e s  was made, Wavelength and t r a n s m i s s i v i t y  
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s c a l e s  f o r  t h e  two p l o t s  w e r e a l i g n e d u s i n g  r e fe rence  marks placed 
on t h e  paper a t  t h e  t i m e  t h e  da t a  were run. The t r a c i n g  of t h e  
equal  t r a n s m i s s i v i t y  l ines  of F igure  10 and t h e  argon da ta  of 
F igure  11 is  shown i n  F igure  1 2 .  
5. Cross  p l o t s  of t r a n s m i s s i v i t y  r a t i o  versus  
PB 
s L  
2 
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a t  cons t an t  wavelengths were made. Typical  examples (aga in  f o r  t he  
argon da ta )  a r e  shown i n  F igure  13. 
6 .  The va lue  of t h e  broadening c o e f f i c i e n t  could then  be read 
from t h e  c r o s s  p l o t  a t  t h e  i n t e r s e c t i o n  of t h e  f a i r e d  curve w i t h  
t h e  l i n e  i n d i c a t i n g  a t r a n s m i s s i v i t y  r a t i o  equal  t o  one. 
7 .  The broadening c o e f f i c i e n t  was p l o t t e d  as  a func t ion  of 
wavenumber. When t h e s e  curves were f a i r e d ,  t h e  p a t t e r n  of t h e  
instrument  s t r i p  c h a r t  record  (of which Figure11 is  an  example) was 
examined t o  determine i f  t h e  s t r u c t u r e  appearing on t h e  B ( V )  p l o t  
cons i s t ed  of v a r i a t i o n s  i n  t h e  da t a  o r  on ly  n o i s e .  
7 .4  Resu l t s  
P l o t s  of carbon d ioxide  broadening c o e f f i c i e n t s  w i t h  r e spec t  
t o  t h e  va r ious  broadening gases  a r e  shown i n  F igures  14 ,  15 ,  16, 
and 1 7 .  These were determined a t  t h e  tes t  cond i t ions  ind ica t ed  on 
t h e  va r ious  f i g u r e s .  The symbols i n d i c a t e  t h e  p o i n t s  a t  which t h e  
broadening c o e f f i c i e n t  was determined. The de termina t ions  were made 
us ing  t h e  c r o s s  p l o t t i n g  technique descr ibed  i n  s e c t i o n  7.3,  except  
88 
89 
c9 I- 
4 4 
a 

I- 
0 In 
t- 
8 
I- 
n 
I 
6 0
4 
v 
i E 
a 
s % 
0 
In 
9 
0 
0 
9 
I I 1 I I I I I I I I I r- 0 
R1m 
4 
9 p: 
H 4 
Q! 
4 
9 
cu 
? 9: cu cu 
w~arigjaoa 6uruapeox~g 
93 
2 
cu 
4 
I e 
0 
&I 
U 
P a
c 
m = 
2 
94 
9 
l-4 
95 
except i n  t h e  case  of helium where many of t h e  p o i n t s  were d e t e r -  
mined us ing  t h e  i n t e r s e c t i o n s  of t h e  t r a c e s  w i t h  t h e  l i n e  of equal  
sample t r a n s m i s s i v i t y .  It was f e a s i b l e  t o  reduce t h e  helium da ta  
i n  t h i s  way because t h e  i n t e r s e c t i o n s  of t h e  t r a c e s  and t h e  equal  
t r a n s m i s s i v i t y  l i n e  were s t e e p .  It should be noted t h a t  t h e  broad- 
en ing  c o e f f i c i e n t  s c a l e  on t h e  p l o t s  f o r  helium has a d i f f e r e n t  
s c a l e  f a c t o r  than  t h a t  of t h e  o the r  p l o t s .  
7 .5  Accuracy 
Although t h i s  technique  i s  s u b j e c t  t o  t h e  same b a s i c  d i f f i c u l t y  
of matching o p t i c a l  masses a s  i s  t h e  technique  f o r  measuring t h e  
band-averaged broadening c o e f f i c i e n t  of Chapter 5 ,  we mightexpect 
t h e  f i n a l  result  t o  be somewhat more a c c u r a t e .  This  i s  because 
t h e  measurements of samples of d i f f e r e n t  l eng ths  are  made a t  t h e  
same t i m e  ( reducing  t h e  problem of instrument d r i f t s )  and because 
a l a r g e  p a r t  of t h e  da t a  process ing  system is e l imina ted .  Uncer- 
t a i n t i e s  i n  o p t i c a l  masses, p re s su res ,  instrument d r i f t s ,  gas com- 
p o s i t i o n ,  and da ta  r educ t ion  e r r o r s  s t i l l  e x i s t .  A measure of t h e  
r e p e a t a b i l i t y  of t h e  system can be obta ined  from t h e  da ta  f o r  argon 
i n  F igure  14. 
It can be seen  t h a t  t h e  da t a  a r e  s l i g h t l y  s h i f t e d ,  but obviously 
the  r e p e a t a b i l i t y  is ve ry  good. Based on t h e s e  cons ide ra t ions  a 
reasonable  va lue  f o r  t h e  l a  e r r o r  i n  t h e  va lue  of t h e  broadening 
c o e f f i c i e n t  i s  0.05. 
The p lo tshows two sets of d a t a  taken  f o u r  days a p a r t .  
A major e r r o r  would probably take the  form of a s h i f t  i n  the  
curve of se l f -broadening  c o e f f i c i e n t  versus  wavelength r a t h e r  than  
producing a r a d i c a l  change i n  shape of t h e  curve.  This conclus ion  
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is based on t h e  f a c t  t h a t  improperly formed samples (small  e r r o r s  
i n  carbon d ioxide  p a r t i a l  p ressure  , gene ra l ly )  tended t o  produce 
r e su l t s  of t he  same genera l  shape,  but  of s h i f t e d  va lue .  The shape 
was modified somewhat, bu t  t h e  main f e a t u r e s  were e s s e n t i a l l y  un- 
changed. 
7.6 Discuss  ion 
7.6.1 In t roduc t ion  
The resu l t s  of t h e  i n v e s t i g a t i o n  of t h e  wavelength dependence 
of t h e  carbon d ioxide  broadening c o e f f i c i e n t  w i t h  r e spec t  t o  argon,  
helium n i t rogen ,  and oxygen a r e  presented  i n  F igures  14, 15,  16 ,  
and 1 7 .  It w i l l  be noted from t h e  f i g u r e s  t h a t  t h e  broadening coef-  
f i c i e n t  i s  v a r i a b l e  w i t h  wavelength, and t h a t  t h e  shape of t h e  curves 
i s  s i m i l a r  f o r  argon,  n i t r o g e n  and oxygen, but  t h a t  helium behaves 
d i f f e r e n t l y  from t h e  o t h e r  gases.  I n  t h i s  s e c t i o n  t h e s e  r e s u l t s  
w i l l  be compared w i t h  t h e  previous de te rmina t ions  of t h e  band- 
averaged broadening c o e f f i c i e n t s  and w i t h  t h e  work of o t h e r s  where- 
eve r  poss ib l e .  The shape of t h e  curves w i l l  be d iscussed  and some 
poss ib l e  explana t ions  o f f e r e d .  
7.6.2 Comparison w i t h  t h e  Band Averaged Broadening Fac to r s  
In t h e  d i scuss ion  of t h e  band averaged broadening f a c t o r s  of 
Chapter 6 ,  it was noted t h a t  argon and helium w e r e  of approximately 
equal  e f f e c t i v e n e s s  (on t h e  average) f o r  broadening carbon d ioxide  
abso rp t ion  l i n e s  i n  t h e  1 5 p m  reg ion ,  
f a c t o r s  w e r e  determined t o  be 0.80 f o r  helium, 0.78 f o r  argon and 
0.85 f o r  oxygen, This  r e s u l t  d i f f e r e d  from t h a t  ob ta ined  by Burch 
e t  a l .  , (1962a) i n  t h e  4 . 3 p m  (2350cm-1) band where t h e  broadening 
The band averaged broadening 
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f a c t o r s  were found t o  be 0.59 f o r  helium, 0.78 for argon,  and 0.81 
for oxygen. 
To make a r e a l l y  v a l i d  comparison between t h e  band averaged 
da ta  of Chapter  6 and t h e  wavelength dependent d a t a ,  i t  would be 
necessary  t o  determine a weighted average of t h e  wavelength dependent 
da t a .  The weight ing func t ion ,  which would be d i f f e r e n t  f o r  each 
gas ,  would be determined by t h e  abso rp t ion  a t  each wavelength. 
Rather  than  undertaking t h i s  t a s k ,  t h e  a r i t h m e t i c  mean of t h e  da t a  
f o r  each gas was found. This  is equ iva len t  t o  saying t h a t  t he  
weight ing func t ion  is  equal  t o  one,  So long a s  w e  a r e  t ak ing  r a t i o s  
between t h e  gases  and t h e  c h a r a c t e r  of t h e  abso rp t ion  is no t  g r e a t l y  
d i f f e r e n t  f o r  t h e  va r ious  gases  t h e  r e s u l t s  should be reasonably 
accu ra t e .  Table I X  d i sp lays  t h e  means of t h e  wavelength dependent 
broadening c o e f f i c i e n t s  f o r  t h e  wavelength reg ion  from 645 t o  690 cm" 
(15.5 t o  14.5gm) and a carbon d ioxide  p a r t i a l  p re s su re  i n  t h e  ref- 
erence  ce l l  of 200 Torr. (This is t h e  cond i t ion  most c l o s e l y  
approximating t h e  cond i t ions  under which t h e  band averaged f a c t o r s  
were determined) .  Also  shown i n  Table  I X  a r e  t h e  "broadening 
f a c t o r s "  computed from t h e s e  means and t h e  broadening c o e f f i c i e n t  
and r e l a t i v e  broadening f a c t o r s  from chap te r s  5 & 6.  
It  can be seen t h a t  t h e  mean of t h e  broadening c o e f f i c i e n t  w i t h  
r e spec t  t o  n i t rogen  and t h e  broadening f a c t o r s  determined by d iv id ing  
t h e  means of t h e  broadening c o e f f i c i e n t s  w i t h  r e s p e c t  t o  t h e  o the r  
gases  i n t o  t h e  mean of t h e  broadening c o e f f i c i e n t  w i t h  r e s p e c t  t o  
n i t rogen  ag ree  q u i t e  w e l l  w i t h  t h e  prev ious ly  determined band 
averaged broadening d a t a .  
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TABLE I X  
COMPARISON OF MEANS OF WAVELENGTH DEPENDENT COEFF I C  IENTS 
W I T H  BAND AVERAGED BROADENING FACTORS 
Band Averaged  
Ga s Data Mean of Wave leng th  Dependent  Data 
B F B' F' 
N2 1.30 
0.85 O2 
A 0 . 7 8  
1 . 3 7  
1 .62  
1.72 
H e  0.80 1 .76  
0.85 
0.80 
0 .77  
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As was found p rev ious ly ,  argon and helium have approximately 
equal  broadening f a c t o r s  (although t h e  o rde r  is interchanged - no t  
s u r p r i s i n g  i n  view of t h e  d i f f e r e n c e s  i n  t h e  shape of t h e i r  curves 
of broadening c o e f f i c i e n t  ve r sus  wavenumber), The broadening 
f a c t o r  f o r  oxygen is aga in  somewhat h igher .  Although one must be 
c a r e f u l  no t  t o  a t t a c h  t o o  much s i g n i f i c a n c e  t o  t h e s e  mean va lues ,  
it is  s a f e  t o  s a y  t h a t  t h e s e  r e s u l t s  support  t h e  previous d a t a  i n  
t h a t  t h e  band averaged broadening f a c t o r s  f o r  argon and helium 
a r e  ve ry  n e a r l y  equal  i n  t h e  15gm region  a s  had been found i n  t h e  
work d iscussed  i n  chap te r  6 .  
7.6.3. S t r u c t u r e  of t h e  wavenumber dependent broadening c o e f f i c i e n t s  
Before comparing t h e  d a t a  obta ined  i n  t h i s  s tudy  wi th  t h e  work 
of o t h e r s ,  i t  is  reasonable  t o  look f o r  an exp lana t ion  f o r  t h e  peaks 
i n  t h e  p l o t s  of broadening c o e f f i c i e n t  versus  wavelength. The 
graphs show t h a t  t h e  peaks c o n s i s t e n t l y  appear i n  t h e  resu l t s  
obtained f o r  t h e  va r ious  gases.  The peaks a r e  most pronounced f o r  
a rgon ,  n i t r o g e n ,  and oxygen whi l e  f o r  helium fewer peaks a r e  ev iden t .  
A s  a f i r s t  s t e p  t h e  wavenumber a t  which t h e  peaks appear and 
t h e i r  r e l a t i v e  he igh t s  were read  from t h e  p l o t s ;  t h e s e  a r e  shown i n  
Table X f o r  argon, n i t r o g e n  and oxygen. Because of i t s  unusual 
behavior helium was n o t  considered i n  t h i s  a n a l y s i s .  Table XI 
@rayson e t  a l . ,  
major carbon d ioxide  bands t h a t  occur i n  t h e  wavenumber reg ion  where 
t h e  broadening c o e f f i c i e n t  has been measured. 
Table X w i th  Table X I  shows t h a t  t h e r e  i s  c l o s e  agreement between 
t h e  p o s i t i o n s  of t h e  c e n t e r s  of t h e  abso rp t ion  bands and t h e  p o s i t i o n s  
1968) d i s p l a y s  t h e  p o s i t i o n s  and s t r e n g t h s  of t h e  -- 
A comparison of 
100 
TABLE X 
P O S I T I O N S  Ah% RELATIVE I%IGHTS 
OF BROADENING COEFFICIENT MAXIMA 
V R e l a t i v e  Peak H e Wht 
(crn-l) O2 A N2 
741 13.5 6 6 5 
722 13.85 4 3 3 
687 14.55 7 7 7 
66 7 15, 1 1 1 
645 15.5 5 5 6 
617 16.2 2 2 2 
595 16-8 3 4 4 
10 1 
TABLE XI 
BAM) I N T E N S I T I E S  
INTE NS I 'IY 
-1 -1 BAND 
Center (cm (atm c m )  300 o K a t  300°K 
12 16 
( c 02> 
667.379 
618.033 
720.808 
667.750 
647.054 
791.447 
597.337 
741.730 
668.151 
688.672 
544.279 
581.62 
757.47 
828.284 0. 00049(2) 
738.364 0.014(2) 
(1) Madden (1961) 
(2) Yamamoto and Sasamori (1958) 
(3) Yamamoto and Sasamori (1964) 
(4) Drayson e t  a l , ,  (1968) 
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of t h e  maxima of t h e  curves  of broadening c o e f f i c i e n t .  Considering 
those  bands having c e n t e r s  loca ted  w i t h i n  a few c m - l  of each o t h e r  
t o  be s i n g l e  bands and rank o rde r ing  t h e  bands i n  terms of t h e i r  
s t r e n g t h s  (This lumping of ad jacen t  band is f e l k  t o  be j u s t i f i e d  
s i n c e  t h e  instrument r e s o l u t i o n  i s  approximately 5 t o  6 cm-' i n  
t h e s e  tests) produces t h e  resu l t s  shown i n  Table X I I .  
TABLE X I 1  
RANK ORDERING OF ABSORPTION BANDS BY BAND STRENGTH 
Band I n t e n s i t y  
(em-' (atm c m 1 - l  a t  300K) Rank (cm-1) 
~ ~ 
667 (667.379+667,750+668.151) 210. 1 
720.81 5.0 2 
618 4.27 3 
647.1 1.00 4 
688.7 0.30 5 
597.3 0.14 6 
741 (741.7+738.4) 0.13 7 
A s c a t t e r  diagram of t h e  rank o rde r  of t h e  he igh t  of a peak i n  t h e  
p l o t  of t h e  wavenumber dependent broadening c o e f f i c i e n t  a t  a given 
frequency versus  rank o rde r  of t h e  band s t r e n g t h  a t  t h a t  frequency 
was p l o t t e d ,  and is  shown i n  F igure  18. This p l o t  shows t h a t  t h e  
he ight  of t h e  peak of t h e  broadening c o e f f i c i e n t  tends  t o  be cor -  
r e l a t e d  w i t h  t h e  s t r e n g t h  of t h e  abso rp t ion  band a t  t h e  same frequency. 
The c o r r e l a t i o n  is  n o t  p e r f e c t ,  s i n c e  t h i s  r a t h e r  crude a n a l y s i s  does 
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not cons ider  such f a c t o r s  a s  d a t a  e r r o r ,  proximity of o t h e r  bands, 
o r  t h e  v a l i d i t y  of t h e  measure of t h e  peak importance (poss ib ly  
peak a r e a  is more r e l e v a n t  than  peak h e i g h t ) .  
7.6.4 Comparison w i t h  o t h e r  experimental  work 
For the 4 . 3 p m  (2350cm-')band, Anderson e t  a l , ,  (1967) found t h a t  
t h e  broadening c o e f f i c i e n t  w i t h  r e s p e c t  t o  n i t r o g e n  va r i ed  smoothly 
from 1 . 2  t o  approximately 1.5.  I n  general, t he  broadening f a c t o r  
increased  w i t h  inc reas ing  abso rp t ion ,  but t h e  sha rp  peaking found 
i n  t h e  15pm band was n o t  ev iden t .  The measurements were made a t  
a r e s o l u t i o n  s i m i l a r  t o  t h a t  used i n  t h i s  r e sea rch .  V a s i l e v s k i i  
- I  
e t  a l . ,  (19671, found t h a t  t h e  broadening f a c t o r  f o r  t h e  2.06pm -- 
(4850cm-J band us ing  n i t r o g e n  a s  a broadening gas va r i ed  from 
1 .5  t o  2.13. The i r  measurements were made a t  high r e s o l u t i o n ,  and 
the  da ta  were obta ined  by nitrogen-carbon d ioxide  mixture .  The 
v a r i a t i o n  of broadening c o e f f i c i e n t  a c r o s s  the  band was smooth. 
There a r e  two main d i f f e r e n c e s  between t h e  near  i n f r a r e d  
bands i n v e s t i g a t e d  i n  t h e  above s t u d i e s  and abso rp t ion  bands i n  
t h e  reg ion .  F i r s t ,  t h e  4 . 3  ~(m(2350cm-l) and 2.06 pm(4855cm-l) 
bands a r e  s i n g l e  abso rp t ion  bands, whi le  t he  
15 f l m ( 6 6 7 ~ m - ~ )  band c o n s i s t s  of s e v e r a l  over lapping  bands. 
t h e  4 . 3 ~ ( m ( 2 3 5 0 c m - ~  band and t h e  2.06 pm(4855cm-l) band a r e  p a r a l l e l  
bands whi le  t h e  bands i n  t h e  15~(m(667crn-l) reg ion  a r e  perpendicular  
bands. E i t h e r  one of t h e s e  f a c t o r s  could in f luence  t h e  da ta  
obta ined  i n  t h i s  i n v e s t i g a t i o n .  
Second, 
F igure  19 d i s p l a y s  p l o t s  of t h e  broadening c o e f f i c i e n t  w i t h  
r e spec t  t o  n i t rogen  i n  t h e  1 5 p m  region  a t  r e f e rence  c e l l  pressures 
/ 
r 
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of 400 Torr and 200 Torr .  Also shown, f o r  comparison, a r e  t h e  
r e s u l t s  ob ta ined  by Burch e t  a l . ,  (1962).  The t e s t  cond i t ions  
used by Burch e t  a l . ,  (1962) a r e  unknown except  t h a t  t o t a l  p res -  
sures were r e s t r i c t e d  t o  less than  one atmosphere. Because of the  
genera l  s i m i l a r i t y  of t h e i r  ins t rumenta t ion  t o  t h a t  used he re ,  the  
t es t  cond i t ions  were probably s i m i l a r .  
-- 
-- 
The curves shown i n  F igure  19 a re  gene ra l ly  s i m i l a r  i n  shape 
and mean va lue ,  but  t h e  da t a  of Burch e t  a l . ,  (1962) a r e  cons ider -  
ab ly  smoother. This could be due t o  t h e  Model 2 2 1  spectrophoto-  
meter which was used i n  making the  measurements presented  i n  t h i s  
d i scuss ion  being equipped w i t h  a b r i g h t e r  source  than  t h e i r  Model 2 1  
spectrophotometer .  This  allowed a somewhat h igher  r e s o l u t i o n  t o  be 
used than  was a v a i l a b l e  t o  them. Although lower r e s o l u t i o n s  was 
-- 
not  used i n  a n  a t tempt  t o  match t h e i r  d a t a ,  i t  i s  known from some 
very  l imi t ed  t e s t s  t h a t  t h e  he ight  of t h e  sharp  peak a t  1 5 p m  
(667cm- ) t ends  t o  inc rease  w i t h  inc reas ing  r e s o l u t i o n .  1 
I n  t h e  regions from 588. t o  625cm-1 ( 1 7  t o  16pm)  and from 
714 t o  770cm-1 (14 t o  13pm)  t h e  d i f f e r e n c e s  between the  two sets  
of measurements cannot e a s i l y  be accounted f o r  simply by d i f f e r e n c e s  
i n  instrument r e s o l u t i o n  ( a s  t h e  d i f f e r e n c e s  i n  t h e  reg ion  from 
645 t o  690cm-1 (15.5 t o  19.5pm) might be. I f  some s h i f t i n g  and 
smoothing i s  allowed t h e  da t a  could be placed i n  reasonably good 
agreement . 
I n  view of t h e  d i f f e r e n c e s  i n  t e s t  appara tus  and our lack  of 
information concerning t h e  t e s t  cond i t ions  under which t h e  da t a  of 
Burch e t  a l . ,  (1962) w e r e  t aken ,  t h e  agreement between the  two sets 
I_- 
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of d a t a  is  probably reasonably good. 
7.6.5. Comparison w i t h  Theory 
If a l l  t h e  l i n e s  of an abso rp t ion  band had equal  ha l f  width 
and Lorentz ian  shape, t h e  va lue  of t h e  broadening c o e f f i c i e n t  would 
be cons t an t  w i t h  wavelength and equal  t o  t h e  r a t i o  of t h e  ha l f  width 
of t h e  self-broadened l i n e s  t o  t h e  h a l f  wid th  of t h e  f o r e i g n  gas 
broadened l i n e s ,  Madden (1961) showed t h a t  t h e  ha l f  widths of 
carbon d ioxide  abso rp t ion  l i n e s  i n  t h e  15pm reg ion  vary w i t h  
r o t a t i o n a l  quantum number. It a l s o  appears t h a t  t h e  v a r i a t i o n  
depends on t h e  broadening gas used; t h i s  was ind ica t ed  i n  t h e  
measurements made by V a s i l e v a k i i  e t  a l . ,  (1967) f o r  t h e  2.06 p m  
(4855cm-l) band and i s  probably t rue  i n  t h e  1 5 p m  (667cm-l) reg ion .  
These e f f e c t s  would cause t h e  va lue  of t h e  broadening c o e f f i c i e n t  
t o  vary  w i t h  wavelength and broadening gas .  Because of t h e  com- 
p l e x i t y  of t h e  abso rp t ion  band i n  t h e  1 5 p m  (667crn-l) reg ion  and 
t h e  l ack  of information on t h e  v a r i a t i o n  of l i n e  width w i t h  r o t a t i o n a l  
quantum number and broadening gas composition i n  t h e  15 ~m(667cm- ) 
reg ion ,  i t  i s  not  p o s s i b l e  t o  p r e d i c t  t he  shape of t h e  broadening 
c o e f f i c i e n t  v a r i a t i o n  w i t h  wavelength i n  terms of t h e  s i m p l i f i e d  
theory  d iscussed  i n  Chapter 2 of t h i s  r e p o r t .  
-- 
1 
An example of a more s o p h i s t i c a t e d  t h e o r e t i c a l  approach is 
t h e  theo ry  developed by Anderson (1949) which was d iscussed  i n  
Chapter 2 .  Anderson's l i n e  broadening theo ry  a s  r e f i n e d  by Tsao and 
C u r n u t t e  (1962) has been app l i ed  t o  t h e  case  of nitrogen-broadened 
carbon d ioxide  by Yamamoto e t  a l . ,  (1968). They computed t h e  wave- 
l eng th  dependent broadening c o e f f i c i e n t  w i t h  r e s p e c t  t o  n i t rogen  a t  
-- 
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IOcm-' i n t e r v a l s .  
(1962), and the  measurements made i n  t h i s  r e sea rch  a r e  shown i n  
Thei r  resu l t s ,  t h e  measurements of Burch e t  a l . ,  -- 
Figure  19. The theo ry  seems t o  p r e d i c t  t h e  gene ra l  f e a t u r e s  of 
t h e  wavelength dependence of t h e  s e l f  broadening c o e f f i c i e n t  r a t h e r  
w e l l .  The theory  seems t o  ag ree  w i t h  t h e  da ta  of t h i s  i n v e s t i g a t i o n  
b e t t e r  t han  w i t h  t h a t  of Burch e t  a l . ,  (1962) i n  t h e  r eg ions  from 
588 to 625cm-l and from 714 t o  770cm-l. 
reg ion  (645 t o  690cm-l) t h e  agreement w i t h  t h e  da ta  of Burch e t  a l .  
appears  t o  be b e t t e r .  
-I 
However, i n  t h e  c e n t r a l  
_I- 
There i s  one f e a t u r e  of t h e  t h e o r e t i c a l  c a l c u l a t i o n s  t h a t  
seems i n c o n s i s t e n t  w i t h  t h e  experimental  resu l t s .  I t a p p e a r s  t h a t  
where ever  sha rp  peaks i n  t h e  experimental  da t a  occur (615, 614, 
and 722cm-l), t h e  theo ry  p r e d i c t s  a decrease  i n  t h e  se l f -broadening  
c o e f f i c i e n t .  The e f f e c t  occurs a t  t h e  t h r e e  l o c a t i o n s  mentioned 
and p o s s i b l y  a l s o  a t  595cm-l a l though  t h e  experimental  peak is  not  
so  pronounced t h e r e  a s  it i s  a t  t h e  o t h e r  wavenumbers. The f a c t  
t h a t  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  do no t  p r e d i c t  t h e s e  peaks would 
seem t o  i n d i c a t e  some d i f f i c u l t y  w i t h  t h e  theo ry .  
7.6.6 The e f f e c t  of l i n e  shape 
The broadening c o e f f i c i e n t  depends on p r e s s u r e ,  an e f f e c t  which 
is  not  p red ic t ed  by a theo ry  involv ing  Lorentz shaped l i n e s  of 
equal  ha l f  wid th  and a s h a r p  peaking of t h e  se l f -broadening  coef- 
f i c i e n t  occu r r s  i n  t h e  r eg ion  of band centers which i s  not  pre-  
d i c t e d  by t h e  l i n e  broadening theo ry  of Anderson. The p res su re  
dependence, t h e  sha rp  peaking near band centers and t h e  r a t h e r  
unusual behavior of helium might be expla ined  i f  t h e  shape of t he  
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abso rp t ion  l i n e s  depended upon t h e  broadening gas .  A h e u r i s t i c  
a rguemen t in  favor  of such an explana t ion  is a s  fo l lows .  I n  t h e  
reg ions  nea r the  band c e n t e r s ,  t h e  c e n t e r s  of t h e  ind iv idua l  absorp- 
t i o n  l i n e s  a r e  ve ry  n e a r l y  opaque a t  t h e  t es t  cond i t ions  used 
here .  I n  t h e  reg ions  away from t h e  band centers t h i s  is no t  t h e  
case .  Hence, a s  t h e  broadening gas i s  added, much of t h e  e f f e c t  of 
t h e  broadening gas i n  t h e  v i c i n i t y  of t h e  band c e n t e r s  r e s u l t s  
from t h e  change i n  abso rp t ion  of t h e  wings of l i n e s  t h a t  a r e  
loca t ed  o u t s i d e  t h e  reg ion  of t h e  band c e n t e r .  I n  t h e  reg ions  
between band c e n t e r s  t h e  inc reas ing  abso rp t ion  i s  a r e s u l t  of t h e  
increased  abso rp t ion  near  t h e  c e n t e r s  of t h e  weaker non opaque 
l i n e s  loca t ed  t h e r e .  (I t  should be noted t h a t  many of t h e  same 
e f f e c t s  could be produced by proper ly  vary ing  h a l f  w id ths . )  
I f  t h i s  argument were v a l i d ,  t h e  r a t i o  of t h e  maximum 
broadening c o e f f i c i e n t  i n  t h e  reg ion  of band c e n t e r s  t o  t h e  minimum 
broadening c o e f f i c i e n t  between bands should be l a r g e  f o r  broadening 
gases  producing l i n e s  w i t h  weak wings and small f o r  broadening gases 
producing l i n e s  w i t h  s t r o n g  wings. I f  t h i s  i s  t h e  case ,  t hen ,  from 
t h e  r e s u l t s  ob ta ined  i n  t h i s  work d a t a  helium should broaden the  
wings of l i n e s  cons ide rab ly  less than would a rgon ,  n i t r o g e n ,  o r  
oxygen. 
Although experimental  measurements of t h e  shape of carbon d ioxide  
l i n e s  i n  t h e  f a r  wings (V - l & > l O a )  a r e  r e l a t i v e l y  few, two d i f f e r e n t  
groups have obta ined  some da ta .  Both of t h e  i n v e s t i g a t i o n s  Burch 
e t  a l . ,  (1968) and Winters e t  a 1  (1964) used a s i m i l a r  method, -- .I-" 
which w i l l  be descr ibed  below and t h e i r  results w i l l  be d iscussed .  
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E s s e n t i a l l y  what i s  done is  t o  l o c a t e  a reg ion  i n  an absorp t ion  
band where t h e  absorpt ' ion i s  caused by t h e  wings of l i n e s  whose 
c e n t e r s  a r e  o u t s i d e  t h e  reg ion ,  i . e . ,  t h e r e  a r e  no l i n e s  centered  
i n  t h i s  reg ion .  I f  t h e  p o s i t i o n s  and s t r e n g t h s  of t h e  l i n e s  i n  
the  band a r e  known, an abso rp t ion  spectrum f o r  t h e  band can be 
r e a d i l y  ca l cu la t ed .  By comparing measured absorp t ion  spec t r a  wi th  
absorp t ion  spec t r a  which have been c a l c u l a t e d  f o r  var ious  l i n e  
shapes t h e  shape of t h e  wings of t h e  s p e c t r a l  l i n e s  can be empir i -  
c a l l y  determined. I n  p r a c t i c e  t h e  high frequency wings of bands 
having sharp  band heads have been used i n  t h e s e  i n v e s t i g a t i o n s .  
Winters  e t  a l . ,  (1964) have used t h i s  method t o  i n v e s t i g a t e  -- 
t h e  shapes of wings i n  t h e  reg ion  from 2400 t o  2600 em-l, f o r  
self-broadening and broadening by n i t r o g e n  and oxygen. Thei r  
r e s u l t s  i n d i c a t e  t h a t  t h e  wings a r e  d e f i n i t e l y  sub-Lorentzian i n  
t h i s  reg ion  f o r  both s e l f -  and f o r e i g n  gas broadening. 
of t h e  fo re ign  gas broadened l i n e s  were weaker than  the  wings of 
t he  self-broadened l i n e s .  Nitrogen and oxygen produced r e s u l t s  
s i m i l a r  t o  each o the r .  Experimental condi t ions  were s i m i l a r  t o  
those  of t h i s  work. 
The wings 
Burch e t  a l . ,  (1968) used t h e  same method t o  i n v e s t i g a t e  the  -- 
high frequency wings of t h e  bands i n  t h e  v i c i n i t y  of 1 .43pm 
( 7 0 0 0 ~ m - ~ ) ,  2.63 p m  ( 3 8 0 0 ~ m - ~ )  and 4 .3p~1(2350cm-~) .  
of t h e  wings were inves t iga t ed  f o r  se l f -broadening  and f o r  fo re ign  
gas broadening us ing  argon,  helium, hydrogen, n i t r o g e n ,  and oxygen 
a s  broadening gases .  Thei r  r e s u l t s  which w e r e  c o n s i s t e n t  i n  a l l  
of t h e  bands,  can be summarized as  fol lows:  
The shapes 
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1. The wings of t h e  self-broadened l i n e s  were d e f i n i t e l y  
sub-Lorentzian,  a l though no t  a s  much a s  had been found 
by Winters e t  a l .  -- 
2 .  A l l  f o re ign  gases  produced l i n e s  w i t h  weaker wings than  
wings than  self-broadened l i n e s .  
3.  The l i n e  shapes f o r  n i t r o g e n ,  argon,  and oxygen were 
g e n e r a l l y  similar.  
4. The l i n e  shapes f o r  hydrogen and helium were s i m i l a r ,  
but t h e  wings w e r e  cons iderably  weaker than  t h e  wings 
of t h e  n i t r o g e n ,  a rgon ,  o r  oxygen broadened l i n e s .  
A l l  of t h e  above conclus ions  apply t o  t h e  wings of t h e  l i n e s  a t  
d i s t a n c e s  approximately 10 ha l f  widths  o r  more f r a n  t h e  l i n e  
cen te r .  They a l s o  found t h a t  t h e  d e v i a t i o n  from t h e  Lorentzian 
shape increased  w i t h  decreas ing  wavenumber a s  one moved from band 
t o  band. 
I f  t h e  same effects  a r e  assumed t o  hold for t h e  15pm band of 
carbon d ioxide  and,  i n  a d d i t i o n ,  e f f e c t s  i n  t h e  low frequency 
wings of l i n e s  a r e  assumed t o  be t h e  same a s  those  i n  t h e  high 
frequency wings,  then  t h e  peaking of t h e  broadening coeff  i c i e n t  i n  
the  band c e n t e r s  and t h e  unusual behavior of helium r e l a t i v e  t o  
t h a t  of argon,  n i t rogen ,  and oxygen might be a r e s u l t  of t h i s  d i f -  
fe rence  i n  l i n e  shape. 
7.6.7 Summary 
I n  t h i s  s e c t i o n  t h e  wavelength dependent broadening c o e f f i c i e n t s  
f o r  carbon d ioxide  wi th  r e spec t  t o  a rgon ,  helium, and n i t rogen  and 
oxygen have been d iscussed .  It has been concluded tha t  t he  resu l t  
1 1 2  
discussed i n  Chapter 6 ,  v i z ,  t h a t  he l ium and argon have s i m i l a r  
band averaged broadening f a c t o r s  and tha t  t h e  broadening f a c t o r  
f o r  oxygen i s  somewhat higher  is v e r i f i e d  by these  d a t a .  It has 
been shown t h a t  t h e  f i n e  s t r u c t u r e  of t h e  broadening c o e f f i c i e n t  
versus  wavelength curve is c o r r e l a t e d  wi th  t h e  presence of s eve ra l  
absorp t ion  bands i n  t h e  15pm (667cm-l) region.  
n i t rogen  broadening have been shown t o  be i n  f a i r l y  good agreement 
w i t h  o t h e r  experimental  measurements. The r e s u l t s  f o r  n i t rogen  
broadening have a l s o  been compared w i t h  theory  and it has been 
concluded t h a t  t h e  t h e o r i e s  a r e  no t  adequate  t o  p r e d i c t  t h e  observed 
da ta .  F i n a l l y ,  it has been concluded that  l i n e  ha l f  widths  t h a t  
vary  w i t h  r o t a t i o n a l  quantum number and broadening gas and l i n e  
shapes that  vary  w i t h  broadening gas could have produced t h e  observed 
r e s u l t s .  
The r e s u l t s  f o r  
CHAPTER 8 
CONCLUSIONS 
8 .1  Conclusions 
A s  noted i n  Chapter 1 , t h e  experiments c a r r i e d  ou t  i n  t h i s  in -  
v e s t i g a t i o n  had a s  t h e i r  o b j e c t  s e v e r a l  goa l s .  It  was planned t h a t  
t hese  goa ls  would be reached i n  such a manner t h a t  each  s t e p  would 
lead  t o  confidence i n  t h e  results of t h e  s t e p s  t h a t  followed. These 
goa ls  ( i n  order  of d i scuss ion )  were: 
1. To o b t a i n  s p e c t r a  i n  t h e  15pm region  f o r  n i t r o g e n  
broadened carbon d iox ide  samples f o r  comparison wi th  previous ex- 
perimental  work and w i t h  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  i n  t h e  15pm 
band by Drayson and Young (1966) and Drayson -- e t  a l . , ( 1 9 6 8 ) .  
2 .  To determine t h e  band-averaged broadening c o e f f i c i e n t  
f o r  carbon d ioxide  w i t h  respect t o  n i t r o g e n  i n  t h e  15pm region 
f o r  comparison w i t h  o t h e r  experimental  de te rmina t ions  of t h i s  
q u a n t i t y  . 
3. To determine t h e  band-averaged broadening f a c t o r s  w i t h  
r e spec t  t o  n i t rogen  i n  t h e  15pm region  f o r  argon, helium, and 
oxygen. 
4. To i n v e s t i g a t e  t h e  wavelength dependence of t h e  broaden- 
ing  c o e f f i c i e n t s  f a r  argon, helium, n i t r o g e n ,  and oxygen i n  t h e  
15pm region. 
The f i r s t  two of t h e  above items were performed p r imar i ly  t o  
determine whether o r  n o t  t h e  ins t rumenta t ion  system and da ta  proces- 
s i n g  methods used would produce resul ts  t h a t  were i n  agreement w i t h  
t h e  work of o t h e r s ,  Comparing t h e  s p e c t r a  obtained i n  t h i s  s tudy  
113 
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w i t h  those of Burch e t  a1 . , (1962)  l ead  t o  t h e  conclus ion  t h a t  t h e  
ins t rumenta t ion  system and da ta  process ing  methods were s a t i s f a c -  
t o r y .  The s p e c t r a  were a l s o  compared wi th  t h e  c a l c u l a t i o n s  of 
Drayson and Young (1966) and Drayson e t  a1.,(1968). It was e v i -  
dent t h a t  t h e  c a l c u l a t i o n s  tended t o  ove rp red ic t  t h e  equ iva len t  
width f o r  long pa th  l e n g t h s ,  high equ iva len t  p re s su res  (near  one 
atmosphere) and low concen t r a t ions  of carbon d iox ide ,  Although 
the  comparisons were no t  complete enough t o  i s o l a t e  t h e  d i f f i c u l -  
t i e s , t h e y  might be due t o  poor e s t ima tes  of some band s t r e n g t h s  
and t h e  u s e  o f  a l i n e  shape (Lorentz)  t h a t  ove rp red ic t s  t h e  ab- 
s o r p t i o n  i n  t h e  wings of f o r e i g n  gas broadened l i n e s .  
-- 
-- 
I n v e s t i g a t i o n  of t h e  band-averaged broadening f a c t o r s  showed 
t h a t  a l l  t h e  gases i n v e s t i g a t e d  (argon, helium, and oxygen) were 
less e f f e c t i v e  than n i t r o g e n  i n  broadening carbon d ioxide  absorp- 
t i o n  l i n e s  i n  t h e  1 5 ~ m  region .  These f a c t o r s  were no t  c o n s t a n t ,  
but r a t h e r  w e r e  weakly dependent on t h e  gas p re s su re  and t h e  op- 
t i c a l  mass. Rather unexpectedly it was found t h a t  argon and helium 
were approximately e q u a l l y  e f f e c t i v e  an t h e  average ,  f o r  broaden- 
ing  t h e  abso rp t ion  l i n e s .  This  resu l t  was d i f f e r e n t  from t h a t  ob- 
t a i n e d  by Burch e t  a1.,(1962a) i n  t h e i r  i n v e s t i g a t i o n  of t h e  4 , 3 p m  
band where they  found t h a t  helium was cons iderably  less e f f e c t i v e  
than argon. It d id  a g r e e ,  however, w i t h  r e c e n t l y  published d a t a  
of P a t t y  e t  a1 . , (1968)  who found argon and helium t o  be of approx- 
imately equal  e f f e c t i v e n e s s  i n  t h e  10 .6pm region .  Although t h e  
da t a  of P a t t y ,  e t  -- al.Xl968) were obta ined  us ing  a method t h a t  is 
q u i t e  d i f f e r e n t  from t h e  technique used i n  t h i s  s tudy  and t h a t  of 
Burch e t  a l .  t hey  do s u b s t a n t i a t e  t h e  idea gained by comparing 
-- 
-- 
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the  p re sen t  work a t  15p m wi th  t h e  work of Burch e t  a l . ,  (1962a) a t  
4.3 ,Urn, t h a t  t he  e f f e c t s  of a broadening gas might be very  d i f f e r e n t  
i n  d i f f e r e n t  abso rp t ion  bands of an a c t i v e  gas .  (This has been 
noted previous ly  by o t h e r s ,  e . g . ,  Coggeshall and S a i e r  (1947) under 
somewhat d i f f e r e n t  condi tons)  . 
-_.  
A check on t h e  e q u a l i t y  of t h e  band-averaged c o e f f i c i e n t s  f o r  
argon and helium was c a r r i e d  out  du r ing  t h e  i n v e s t i g a t i o n  of t he  
wavelength dependence of t h e  broadening c o e f f i c i e n t s .  This check 
ind ica t ed  t h a t  t h e  band-averaged d a t a  were c o r r e c t  and t h a t  argon 
and helium would be of approximately equal e f f e c t i v e n e s s ,  on t h e  
average, f o r  broadening carbon d ioxide  l i n e s  i n  t h e  15pm region  
i n  s p i t e  of t h e  f a c t  t h a t  t h e  wavelength dependence of t h e i r  broad- 
en ing  c o e f f i c i e n t s  was q u i t e  d i f f e r e n t ,  
It was found t h a t  t h e  broadening c o e f f i c i e n t s  f o r  t h e  d i f f e r e n t  
gases were q u i t e  v a r i a b l e  depending upon t h e  wavelength. These 
v a r i a t i o n s  were l e a s t  f o r  argon (+ 10 percent  of t h e  mean va lue)  and 
g r e a t e s t  f o r  helium (+ 30 percent  of t h e  mean v a l u e ) .  The broad- 
en ing  c o e f f i c i e n t s  f o r  t he  va r ious  gases  tended t o  inc rease  r a t h e r  
sha rp ly  a t  p a r t i c u l a r  wavelengths. It was shown t h a t  t he  p o s i t i o n s  
and he igh t s  of t h e s e  peaks w e r e  c o r r e l a t e d  w i t h  t h e  p o s i t i o n s  and 
s t r e n g t h s  of t h e  s t r o n g e r  absopt ion  bands i n  t h e  reg ion .  
- 
- 
A dependence of t h e  broadening c o e f f i c i e n t  on absorber  p a r t i a l  
p ressure  o r  o p t i c a l  mass was d iscovered;  t h i s  is  con t r a ry  t o  the  
work of Burch e t  a l , ,  (1962) i n  t h e  15pm region  f o r  n i t rogen .  This 
dependence was not  i n v e s t i g a t e d  ex tens ive ly  and t h e  e f f e c t s  of 
o p t i c a l  mass and of pressure were not s epa ra t ed ,  
-- 
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The wavelength dependent broadening c o e f f i c i e n t  f o r  n i t rogen  
was compared w i t h  t h e  p r e d i c t i o n s  of Anderson’s theory  (Anderson. 
1949) a s  c a l c u l a t e d  by Yamamoto e t  a l . ,  (1968). The theory p r e -  
d i e t e d  t h e  mean va lue  and genera l  shape of t he  wavelength dependent 
broadening c o e f f i c i e n t  r a t h e r  w e l l .  I t  d i d ,  however, p red ic t  a 
decrease  i n  t h e  va lue  of t h e  broadening c o e f f i c i e n t  i n  each of 
-- 
t he  wavelength reg ions  where a sharp peak i n  the  va lue  was found 
i n  the  experimental  d a t a .  On t h e  bas i s  of t h i s  comparison, i t  was 
concluded t h a t  t h e  theory  i s  no t  too  s a t i s f a c t o r y .  
The p o s s i b i l i t y  t h a t  t h e  peaks were caused by a pressure broad- 
ened l i n e  shape t h a t  i s  sub-Lorentzian i n  the  wings was d iscussed .  
Using a q u a l i t a t i v e  argument it was shown t h a t  such a l i n e  shape 
could produce t h e  observed e f f e c t ,  It is  known (Winters e t  a 1 . , ( 1 9 6 4 )  
and Burch e t  a l , ,  (1968) t h a t  t h e  wings of fo re ign  gas  broadened 
l i n e s  i n  o t h e r  carbon d ioxide  absorp t ion  bands a r e  sub-Lorentzian.  
Unfor tuna te ly ,  however, much t h e  same argument can be used t o  show 
t h a t  a band c o n s i s t i n g  of Lorentzian l i n e s  of proper ly  vary ing  ha l f  
wid th  might produce s i m i l a r  e f f e c t s .  We were not  a b l e  t o  determine 
which, i f  e i t h e r  o r  bo th ,  of t hese  mechanisms were present  here .  
Fu r the r  work w i l l  be requi red  t o  determine t h e  r e l a t i v e  importance 
of t h e s e  two e f f e c t s .  
-- 
-- 
8.2 Suggest ions f o r  f u t u r e  work 
The r e su l t s  of t h i s  r e sea rch  have ind ica t ed  t h a t  more t h e o r e t i -  
c a l  and experimental  work i s  needed i n  t h e  15 p m  absc rp t ion  band 
of carbon d ioxide .  Before t h e  theory  can be developed much f u r t h e r ,  
however, it is  l i k e l y  t h a t  more experimental  da t a  must be obta ined .  
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It now appears  t h a t  t h e  shape of t h e  wings of t h e  abso rp t ion  
l i n e s  and t h e  v a r i a t i o n  of t h e  l i n e  ha l f  width w i t h  r o t a t i o n a l  
quantum number a r e  t h e  two most important a r e a s  which must  be 
inves t iga t ed .  Both of t h e s e  appear  t o  be v a r i a b l e  depending upon 
t h e  composition of t h e  broadening gas .  The shapes of t h e  f a r  wings 
of l i n e s  might be i n v e s t i g a t e d  by a method s i m i l a r  t o  t h a t  used by 
Winters e t  a l . ,  (1964) and B u r c h  e t  a l . ,  (1968). The measurement 
w i l l  be more d i f f i c u l t  ( i f  a t  a l l  poss ib l e )  i n  t h e  15 urn reg ion  
because of t h e  presence of s eve ra l  overlapping bands i n  t h i s  reg ion  
The v a r i a t i o n  of l i n e  ha l f  wid th  wi th  r o t a t i o n a l  quantum number 
can probably be b e s t  i nves t iga t ed  e i t h e r  by convent ional  high reso-  
l u t i o n  spectroscopy or poss ib ly  by some of t h e  techniques t h a t  u s e  
a tunable  l a s e r  a s  a r a d i a t i o n  source.  
-c -- 
Using techniques s i m i l a r  t o  t h a t  used i n  t h i s  experimental  
program one might determine t h e  band-averaged and wavelength depen- 
dent  broadening f a c t o r s  f o r  o the r  broadening gases .  Neon and 
hydrogen would be of p a r t i c u l a r  i n t e r e s t  here .  S ince  neon has a 
p o l a r i z a b i l i t y  between t h a t  of helium and argon one might be a b l e  
t o  determine whether o r  no t  t h e  l i n e  wid th  i s  p ropor t iona l  t o  some 
c o l l i s i o n  f r equency-po la r i zab i l i t y  product a s  has been suggested 
by P a t t y ,  e t  a l . ,  (19681, S ince  hydrogen has been found t o  produce 
a l i n e  shape i n  t h e  f a r  wings q u i t e  s i m i l a r  t o  t h a t  of helium, but 
has an  average broadening f a c t o r  t h a t  is q u i t e  d i f f e r e n t  i n  o the r  
abso rp t ion  bands of carbon d iox ide ,  i t  would be of va lue  t o  compare 
t h e  band average broadening f a c t o r s  and t h e  wavelength dependent 
broadening c o e f f i c i e n t s  f o r  t hese  two gases  i n  the  15 um region.  
-- 
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I f  t h e  s t r u c t u r e  of t h e  wavelength dependent broadening c o e f f i c i e n t  
i s  caused by t h e  presence of low abso rp t ion  i n  t h e  l i n e  wings w e  
might expect t h e  wavelength dependent broadening c o e f f i c i e n t s  t o  
be of g e n e r a l l y  similar form, but poss ib ly  of q u i t e  d i f f e r e n t  mean 
va lue .  
Theore t i ca l  c a l c u l a t i o n s  s i m i l a r  t o  those  of Drayson and Young 
(1966) and Drayson e t  a l . ,  (1968) might be used t o  determine whether 
o r  no t  l i n e  shapes having sub-Lorentzian wings would produce t h e  
exper imenta l ly  observed e f f e c t s .  
by po in t  d i v i s i o n  of two s p e c t r a  (one f o r  pure carbon d ioxide  us ing  
Lorentz l i n e s  and t h e  o t h e r  f o r  a carbon d ioxide  broadening gas 
mixture  us ing  a l i n e  shape having sub-Lorentzian wings.)  This  i s ,  
i n  e s sence ,  a s imula t ion  of t h e  spectrophotometer a s  it opera ted  
dur ing  t h e  de te rmina t ion  of t h e  wavenumber dependent broadening 
c o e f f i c i e n t .  On t h e  b a s i s  of such c a l c u l a t i o n s  it might be poss ib l e  
t o  e m p i r i c a l l y  determine t h e  l i n e  shapes produced by t h e  va r ious  
broadening gases.  These shapes could then  be used t o  improve t h e  
accuracy of the t echniques  used for t h e  inve r s ion  from atmosphere 
rad iance  p r o f i l e s  t o  atmospheric temperature p r o f i l e .  
-- 
This might be done by a po in t  
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